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Abstract

The ideal scaffolds for creating synthetic small diameter blood
vessels have not yet been found. The limitations of implanting these scaffolds are
thrombosis formation, intimal hyperplasia and aneurysmal dilation. Electrospinning
technique fabricates polymer fibrous scaffolds with average fibre diameters ranging
from 50 to 500 nm which is similar to those observed in extracellular matrix of native
blood vessels. Therefore, it promotes the adhesion, proliferation and growth of cells.
Herein, we classify the polymers deployed for the fabrication into synthetic polymers,
natural polymers and hybrid polymers. Further, the biomechanical properties and the
biological activities of the electrospun small diameter blood vessels including
antithrombogenic ability and cell response are discussed. Polymer blends seem to be
a strategic way to fabricate small diameter blood vessels because it conveys both
suitable biomechanical properties contributed by synthetic polymers and favourable
sites to cell attachment contributed by natural polymers.

In this study, elastic poly (styrene-butadiene-styrene) copolymer
(65%:29.5%) and nonelastic poly (styrene-butadiene-styrene) copolymer (70%:30%)
copolymer were electrospun with a ratios (E:N (5:0), E: N (4:1), E:N (3:2), E:N (1:1),
E:N (2:3), E:N (1:4), E:N (0:5)) in a mixture of tetrahydrofuran THF: N, N-dimethyl
formamide DMF (70:30 v/v) to obtain 17 wt% SBS concentration. Starch was sprayed
over the aluminium foil prior to electrospinning to facilitate detaching the electrospun
fibrous scaffolds from the foil by immersing the scaffolds on the foil in the water.

After that, the fibrous scaffolds were characterized by scanning
electron microscopy (SEM), Panalytical X’ pert Powder (XRD), Fourier transform

infrared spectra (FTIR),



Thermogravimetric analysis (TGA), Differential scanning calorimetry (DSC), Instron
tensile tester, Contact angle and air permeability. Cytotoxicity test was performed to
measure the cytotoxicity of SBS fibrous scaffolds to endothelial cells. Cell culture
were then performed on the electrospun scaffolds using human umbilical vein
endothelial cells (HUVECs). Then, the cellular attachments and proliferation were
investigated using MTS assay, SEM and confocal microscope.

Elastic SBS, nonelastic SBS blended elastic SBS at different ratios (E:
N (4:1), E: N (3:2), E: N (1:1), E: N (2:3) and E: N (1:4)), and nonelastic SBS were
successfully electrospun with an average fiber diameter of 2um. The measured average
pore size of SBS fibrous scaffolds were 8+0.01 um and the scaffolds are all permeable
to air. Blending nonelastic SBS to elastic SBS paved the way to tune the mechanical

properties of SBS polymer while keeping the chemical composition stable.

SBS fibrous scaffolds are hydrophobic and it was essential to be treated
by air plasma to become hydrophilic which in turn helped ECs to attach and proliferate
on the fibrous scaffolds. SBS fibrous scaffolds have no cytotoxic effect on ECs.
ECs attached and proliferated on SBS fibrous scaffolds regardless of their elasticity.
ECs maintained its polygonal shape on SBS fibrous scaffolds and they are oriented
along the fibres. SBS fibrous scaffolds with weight ratios 1:1 and 2:3 may show better

cell viability than elastic SBS.

To the best of our knowledge, we have, for the first time, tuned the
mechanical properties of the SBS fibrous scaffolds without changing its chemical
compositions through blending nonelastic SBS to elastic SBS during the
electrospinning process. Furthermore, we have, for the first time, studied endothelial

cell culture for SBS fibrous scaffolds. SBS fibrous scaffolds exhibited a new cell
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surface structure that promoted ECs adhesion and proliferation and it therefore paved

the way for different tissue engineering applications.

Keywords: electrospun nanofibres, small diameter blood vessels, endothelial cells,

thrombosis and antithrombogenic agents.
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Chapter.1

Introduction

1.1. Background

Atherosclerosis i1s a condition characterised by the hardening and
narrowing of arteries due to the formation of plaques which can lead to blocked arteries
[1, 2]. Angioplasty and surgical bypass are common techniques used to treat this
disease. In the case of surgical bypass, vascular grafts function to bypass the blocked
area of the blood vessels, thus, enabling blood to flow to the rest of the tissue.
However, blood vessel replacement has limitations since it is rather expensive [3].
Autologous vessels are usually the preferred choice for blood vessel replacement
because it is the patient’s own tissue. However, harvesting autologous vascular tissues
could be difficult for some patients. This is because patient may have limited number
of available vessels due to being used in previous surgeries or their vessels may not be
of good quality due to ill-health. Therefore, synthetic vascular grafts made of expanded
polytetrafluoroethylene (ePTFE, i.e., Gortex) or poly (ethylene terephthalate) (PET,
i.e., Dacron) are developed. Since 1956, these materials have been clinically approved
for large diameter blood vessels and the occurrence of thrombosis is negligible owing
to the high flow of blood and low resistance [4, 5]. Although these materials are
available and provided clinical efficiency, they have low ratio of patency when
employed for small diameter blood vessel (< 6 mm). The reported patency rate is 40%

after 6 months and 25 % after 3 years [6]. In addition, these materials are non-
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degradable, which means the patient may be subjected to further cardiovascular
surgery in the long term due to the inability of tissue growth and remodelling.

Since the current materials used in clinics have limitations, there are now
a lot of research looking into using various types of polymer including synthetic
polymers or natural polymers or polymer blends to create synthetic blood vessel.
Various strategies have been used to prepare scaffolds such as self-assembly, drawing,
template synthesis, phase separation, wet spinning, electrospinning [7,8] and their
combination have also been attempted [9,10]. Scaffolds made from fibrous materials
are highly desirable especially those from nanofibres. This is because extracellular
matrix (ECM) of the tissues comprises three-dimensional fibrous structure in the range
of 50-500 nm [11, 12]. It has been shown that scaffolds made from nanofibres are
beneficial for cell attachment and growth [11, 12].

Most nanofibre scaffolds are prepared by electrospinning. Electrospinning
enables the fabrication of fibrous scaffolds with fibre sizes ranging from nano-
to micro-metre, which have physical properties close to that of natural ECM [11, 13].
For instance, the electrospun fibrous scaffolds have high porosity,
pore-interconnectivity and large surface areas, providing suitable surface sites for the
cells to adhere and proliferate [13, 14].

In previous studies on electrospun nanofibres for tissue engineering
applications, the matter of producing nanofibers with different diameters , core-shell
nanofibers and nanoparticles functionalized nanofibers have been thoroughly covered
[1,8]. Little attention have been paid to the application of creating synthetic small
diameter blood vessels and its biological response whether in vitro or in vivo.
Therefore, this study summarises the progress of using electrospun nanofibres to

develop small blood vessels, i.e. those with a diameter below 6 mm. The
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biocompatibility studies both in vitro and in vivo are described. State-of-the-art
techniques to functionalize nanofibrous tissue scaffolds for the purpose of promoting

biocompatibility or decreasing blood clotting are also discussed.
1.2. Native blood vessels

The native blood vessels comprise three layers: intima (inner layer), media
(middle layer) and adventitia (outer layer), as illustrated in Fig. 1 [15]. The intima layer
is a monolayer of endothelial cell (EC). EC monolayer prevents the blood from
clotting. The media layer consists of smooth muscle cells (SMCs). Adventitia layer
comprises collagenous ECM and fibroblast. Collagenous adventitia adds rigidity to the
blood vessel walls, while media layer provides them with elasticity [16]. Blood vessels
dilate and contract in response to a signal from ECs or cytokines [17]. Intima, media

and adventitia layers are separated from each other by layer of limiting membrane.

Inner layer (intima)

Middle layer (media)

Outer layer (adventitia)

Endothelial cells

Fibroblasts

ﬁ Smooth muscle cells
—

sy i
ﬂ O
%

" v.gg‘.‘_g.g.,_ B R
'-" @ NN 7

Collagen and ECM proteins

Elastin

Fig.1.1: Schematic illustration of blood vessel structure [reprinted from Ref.15].
Table. 1 lists the mechanical properties of some native blood vessels [18-22].
There is a lack of consensus in the mechanical properties obtained for the same tissue

3
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due to different evaluation methods. For example, the circumferential elastic modulus
reported for saphenous vein varied significantly, from as low as 2.25 MPa to 43 MPa
[18-20]. Similarly, a large variation was also observed for the longitudinal elastic
modulus [18, 19].

Ideally, synthetic blood vessels should mimic the native blood vessels in both
structure and functions. They should be biocompatible and bioactive, and have
acceptable mechanical properties. Electrospinning technique contributes to the
fabrication of synthetic blood vessel through its ability to create fibrous scaffolds. In
the following section the technique and parameters of electrospinning are discussed

thoroughly.
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Table. 1 Mechanical properties of some natural blood vessels

Ultimat
Elastic Modulus rmate Strain at failure  Burst strength
Types stress Ref.
MP H
(MPa) MPa) (%) (mmHg)
Saph
aphcnons 43 3 1 NA (18]
vein (Circ.)
Saphenous 130 13 17 NA (18]
vein (Long.)
Saph
aphcnons 42 18 242 1680-3900  [19]
vein (Circ.)
Saph
aphenous 23.7 6.3 83 NA [19]
vein (Long.)
Saph
aphcnons 225 4 180 1250 120]
vein (Circ.)
Left internal
mammary 8 4.1 134 2000 [19]
artery (Circ.)
Left internal
mammary 16.8 4.3 59 NA [19]
artery (Long.)
F 1 art
emoral artery 9-12 1-2 63-76 NA [21.2]

(Circ.)

Circ., circumferential; long., longitudinal; NA, not available.

1.3. Electrospinning technique

Electrospinning shows great potential in the fabrication of fibrous scaffolds

for developing blood vessels. It can produce a seamless fibrous tube with fibre

diameter controllable in either nanoscale or microscale. Electrospinning involves a

physical process in which a viscoelastic solution is stretched under a high electrostatic
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force. Fig. 1.2a schematically illustrates the basic setup for electrospinning, which
contains a syringe with a syringe pump, a needle nozzle, a collector, and a high voltage
power supply. Typically, a polymer solution is charged by a high voltage, and a Taylor
cone is formed at the tip of the nozzle. A fine jet ejects from the tip of the Taylor cone
when the electric field overcomes the surface tension. The charged jet then has an
intensive interaction with the electric field formed between the nozzle and the
collector, making itself undergo a whipping movement. Solvent evaporation from the
jet leads to solidification of the jet into fibres, which are deposited on the collector
forming randomly-oriented fibrous mats [23-26].

The fibre morphology of electrospun fibres can be influenced by factors of
electrospinning process. These parameters include viscosity of the solution, electrical
conductivity, molecular weight of polymer, applied voltage, flow rate of polymer
solution, the spinning distance and ambient condition such as humidity and
temperature [27, 28]. Research indicate that increasing polymer concentration,
polymer molecular weight or solution viscosity lead to increase in fibre diameter [27,
28]. Increasing electrical conductivity of the polymer solution decreases fibre diameter
[27, 28]. There is a contradiction in the case of applied voltage [27]. Some studies
indicated that applied voltage had no influence on fibre diameter [29], while others
showed that increasing the applied voltage during electrospinning resulted in an
increase or decrease in fibre diameter [30]. The increase of solution flow rate increases
fibre diameter. However, it should be noted that a reduced flow rate assists with solvent
evaporation from the jet, which is essential for fibre formation.

Electrospinning technique can be used to fabricate tubular fibrous membrane,
which is useful as scaffolds for blood vessel scaffolds (Fig. 2b). These scaffolds can

be produced using different types of polymer [31].



Chapter one introduction

a b

Polymer solution Polymer solution Rotating mandrel

Collector

Syringe pump
Syringe pump

Syringe needle Syringe needle

Power supply Power supply

Fig.1.2: Electrospinning setups: (a) ground collector is used to collect fibres, (b)

rotating mandrel is used to collect fibres.
1.4. Thesis objectives

The main aim of this PhD project is to fabricate artificial extracellular
matrix (ECM) that guides cell adhesion, proliferation and spread. In order to achieve
that, the following specific objectives were identified.

1) Electrospinning of elastic styrene-butadiene-styrene (SBS), nonelastic

SBS-blended elastic SBS and nonelastic SBS fibrous scaffolds.



Chapter one introduction

2)

3)

4)

5)

Hypothesis: Tuning the elasticity of SBS fibrous scaffolds without

changing the chemical composition.

Characterising the morphology, surface chemistry, thermal properties

and mechanical properties of the fibrous scaffolds.

Hypothesis: assuring the formation of fibrous scaffolds with particular

properties.

Performing cytotoxicity study for the SBS fibrous scaffolds using ECs.

Hypothesis: Determining how toxic is the SBS fibrous scaffolds to ECs

as basic biocompatibility evaluation.

Performing cell culture for the fabricated fibrous mats using ECs at

different time.

Hypothesis: Determining how the change of the elasticity influences

ECs response in terms of attachment and proliferation.

Studying ECs morphology, attachment and proliferation.

Hypothesis: To study the biocompatibility of the SBS fibrous scaffolds.



Chapter one introduction

| Fabrication
High voltape Wos ITmn bt t E-:??:’;H \*’\'
Electrospinning setup SBS fibrous scaffolds
—
=
E
=
= 0
s B
2 3
= £
[+ B
-
=
§.
Endothelialization

ECs seeded SBS fibrous scaffolds SBS fibrous scaffolds with

different elasticity
Fig.1.3: Graphical abstract for the study: step 1, fabrication of SBS fibrous scaffolds;
step 2, tuning the mechanical properties of SBS fibrous scaffolds; step 3, evaluation

of the in vitro endothelialisation of SBS fibrous scaffolds.

1.5. Thesis scope

As one of the pioneer study in the application of fibrous scaffolds in tissue
engineered blood vessels, we focused on the fabrication and characterisation of the
fibrous scaffolds and in vitro endothelialization of the fibrous scaffolds. In order to

mimic the physical structure of ECM such as porosity and 3D fibrous structure,
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polymer fibrous scaffolds were fabricated by electrospinning. Two copolymers of
styrene-butadiene-styrene with different elasticity were chosen. Through mixing
elastic SBS with nonelastic SBS at different ratios, the elasticity of the fibrous
scaffolds can be controlled. The ECs that was tried, was Human Vein Umbilical
Endothelial Cells (HVUECsS). Cytotoxicity test of SBS fibrous scaffolds to ECs was
performed as basic step for biocompatibility to evaluate how toxic are SBS fibrous
scaffolds to ECs. In vitro ECs study was carried out to evaluate the biocompatibility
of the fibrous scaffolds in terms of EC attachment and proliferation. The adhesion and
proliferation of ECs to the fibrous scaffolds were evaluated by MTS assay, SEM and

confocal microscope.
1.6. Thesis value

It is hope that this study provides a strategy to develop synthetic ECM
that is able to support ECs in terms of adhesion and proliferation and approach the
development of tissue engineered small diameter blood vessel. To the best of our
knowledge, that is the first time that SBS polymer is electrospun into nanofibres with
controlled elasticity without changing the chemical integrity. Also, that is the first time
that cytotoxicity and biocompatibility of SBS fibrous scaffolds to ECs are studied.
The fabrication of SBS tubular fibrous scaffold with Smm diameter is successfully
achieved. Additionally, the fibrous scaffolds may provide a new type of cell culture
surface for different types of cells that can be deployed for different applications of

tissue engineering and cell based therapies.

10



Chapter two Literature review

Chapter.2

Literature review

2.1. Preparation, morphology and mechanical properties of nanofibrous scaffolds

Fabrication of polymeric fibrous scaffolds by electrospinning has been
intensively investigated using various polymers including synthetic, natural and
polymer blends (see Table.2) Synthetic polymers exhibit better mechanical properties
than natural polymers. Blending two synthetic polymers or two natural polymers could
result in enhanced mechanical properties.

Mechanical properties of artificial blood vessels have direct influence on
shear stress as well as intimal hyperplasia when they are attached to native vessels.
When there is a match between the mechanical properties of the artificial vessels and
the native vessels, both shear stress and intimal hyperplasia could be avoided. This, in
turn, will help to reduce the formation of blood clots within the artificial blood vessels.
Furthermore, the artificial blood vessels should be durable enough to withstand the
frequent blood circulation and the associated pressure.

2.1.1. Synthetic polymer nanofibre scaffolds

Various attempts have been sought to fabricate artificial blood vessels using
synthetic polymers such as polycaprolactone (PCL), poly (L-lactide-co-¢-
caprolactone) (PLCL), poly-lactic acid (PLA) , polyurethane (PU) , L-lactide-co-
trimethylene carb , polypropylene (Moplen 462R PP) and polylactide (PLA 4060D)

[32-46]( see Table.2).

11
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2.1.1.1. Poly (e-caprolactone)

PCL based blood vessels with inner diameter of 2 mm and wall thickness of
650£15um consisting a mixture of micro and nano fibres were fabricated [32]. The
fabricated grafts demonstrated good mechanical properties. The longitudinal stress and
strain to rupture were 4.1+ 0.5 MPa and 1092 +28% respectively. The burst pressure
and suture retention strength were measured at 3280 +280 mmHg and 936+ 32 g,
respectively. An average water leakage and an average blood leakage were evaluated
to be 32.1+1.3 ml min' cm™ and 0.87 + 0.08 ml min™' cm™ at 120 mmHg respectively
[32], as shown in Table.2.

In another study, PCL micro and nanofibres with average fibre diameters of
1.9 um and 500-2500 nm respectively were used to fabricate small diameter blood
vessels of 2 and 4 mm diameters. The fabricated blood vessels showed promising
mechanical properties. Both tensile stress and strain stress of the fabricated vascular
grafts (2-7.4MPa and 200-1200%) were higher than that measured for the native blood
vessels (1.4 MPa and 100%). In fact, this property is advantageous since the
mechanical characteristics might be greatly decreased in clinical conditions when the
scaffold starts to degrade and the new natural tissues start to form [33].

Hu et al. [34] reported that the higher the rotation speed during
electrospinning of PCL, the more aligned the fibres and the higher the elastic modulus.
For instance, fibrous scaffold fabricated at 250 rpm experienced elastic modulus up to
10 MPa while that fabricated at 1500 rpm experienced elastic modulus up to 58 MPa.

Bilayered tubular electrospun fibrous scaffold comprised of pliable polymer
PCL in the inner layer and stiff polymer PLA on the outer layer was fabricated layer-
by-layer using electrospinning technique (Fig.3a; [35]). Fig.2.1b illustrates the

electrospun PCL scaffold consisting of micro fibres and nano fibres with diameters of

12
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1.5 to 6um and 600+400 nm respectively and interconnected pores with 15 um average
pore size. The electrospun PLA scaffold consist of fibres with diameters 800 nm to 3
um and interconnected pores with 10 pm average pore size (Fig.2.1C). The total
porosity of PCL/PLA scaffold is approximately 79+4%. The soft layer of PCL
polymer mimics the intima layer of natural blood vessel while the tough layer of PLA
polymer mimics the adventitia layer of natural blood vessel. As shown in Table.2 the
electrospun PCL/PLA fibrous scaffold showed acceptable mechanical properties, with
Young’s modulus of 30.9 + 6.6 MPa that is almost 3 times higher than that of PCL

scaffold (10.7 = 0.3 MPa) [35].

Fig.2.1: SEM photographs of (a) synthetic PCL/PLA blood vessel of 6 mm diameter,
(b) the randomly oriented PCL inner layer, (c) the aligned PLA outer layer (reprinted
from Ref.35).

Dynamic culture of PCL synthetic blood vessel using SMCs in bioreactor
resulted in enhancement of the burst strength (1298+156 mm Hg) greater than that
measured for the static culture (809+44 mm Hg) after 2 weeks [36].

Small diameter vascular graft has also been fabricated by electrospinning of
PLCL. The diameter of the graft (2.3-2.5mm) and the wall thickness of the graft (50-

340 um) increased with the increase of electrospinning time from 10 to 100 min. It
13
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was found that the thinner the wall thickness of the synthetic vascular conduit, the
more compliant the conduit. For example, the stiffness parameter and diameter
compliance of the thinnest graft (Inner diameter=2.3+0.Imm and wall
thickness=49+5um) was 6.8+3.1 and 18.7+11.2%/mmHgx10-2 while it was 76.2+18.0
and 2.0+£0.2%/ mmHgx 10-2 for the thickest graft (Inner diameter=2.5+0.1mm and wall
thickness=336+21 um) [37].

A combination of cell matrix engineering with electrospinning resulted in
fabricating enhanced PLCL nano fibre (1.05+0.23 um average fibre diameter). This
fibrous scaffolds is seeded with SMCs. The resulted vascular grafts demonstrated
enhanced mechanical characteristics [38]. The cell matrix engineered PLCL vascular
grafts demonstrated comparable mechanical properties to native rabbit aorta, as well
as, high self-sealed property, due to the elasticity of PLCL. The grafts exhibited tensile
strength of 1.91£0.56MPa and 3.23 + 0.57MPa and strain strength of 135% and 270%
after 1 week and 4 weeks cell culture times respectively compared to the values
obtained for native rabbit aorta (2.61+0.4MPa for tensile stress at a strain of 86.7%).
Moreover, the PLCL grafts demonstrated better mechanical properties than GORE-
TEX, which is currently used clinically as vascular grafts [38] (see Table.2).
2.1.1.2. Polyurethane

Another example of polymers that has comparable mechanical properties to
native blood vessels is polyurethane (PU). PU has been used to fabricate vascular graft
of 4 mm inner diameter, with an average fibre diameter of 732.72 + 52.22 nm and
porosity of 50-60. The tensile strength, rupture load and ultimate elongation obtained
were 5.85 £ 0.62 MPa, 16.5 £ 1.1 N and 294.5 + 19.4 % respectively [39].

Thermoplastic PU can be modified, for example, by adding pentenoyl chloride

up to 20% and then cross-linked during electrospinning using UV irradiation. The
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fabricated blood vessel of 1.6 mm diameter using the modified electrospun
polyurethane fibres showed burst pressure of 550 mmHg and compliance of 12.1 £ 0.8
and 6.2 £+ 0.3%/100 mmHg for uncrosslinked and crosslinked fibres respectively [40].
Thermoplastic PU can also be modified by replacing the aromatic diisocyanate MDI
with aliphatic diisocyanate HMDI [41]. Further, the hydrolytic degradability of TPU
can be increased by introducing cleavable chain extenders such as hydroxyethyl lactate
(EGLA) and bis (2-hydroxyethyl) terephthalate (BET) instead of the chain extender
BDO. TPU containing EGLA exhibited degradability rate two times faster than
surgical poly (lactic acid) (PLA) while TPU containing BET showed slower
degradability rate than PLA. From the point of tissue engineering, higher degradability
of the fibrous scaffolds might give an opportunity for integrated native tissue to
eventually form scaffold- free vessel. The modified TPU conduits demonstrated good
mechanical characteristics with tensile stresses of both TPU containing EGLA and
TPU containing BET (4.7#0.2 MPa and 17+1 MPa) were being less than the
benchmark used in this study, Pellethane (20+4 MPa) [41].

Blood vessels of 1.3 mm and 4.7 mm were successfully fabricated from TIPS/
polyurethane ester urea (PEUU). The inner layer contains porous TIPS polymer casted
using custom molds with the same inner diameter as the blood vessels and the outer
layer has electrospun nanofibrous PEUU with fibre diameters of 743 + 201 nm. The
pore sizes of TIPS scaffold were 51 £ 3 um and 123 + 20 um for the of 1.3 and 4.7mm
diameters respectively while the pore size of PEUU nano fibrous (5.1 + 3.2 um) was
the same for both sizes of vessels. The vessels showed comparable mechanical
properties to the native blood vessel. Whereby, the elastic modulus was 1.4 + 0.4 MPa,
and ultimate tensile stress was 8.3 £ 1.7 MPa. The compliance and suture retention

forces were found to be 4.6 + 0.5 x10-4 mmHg-1 and 3.4 + 0.3 N respectively [42].
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Another way of creating PU synthetic vascular graft of diameter of 4mm and 48
mm is by spin casting the PU layer first to pattern microgrooves on the lumen area.
Then, PU micro fibres were electrospun on the outer layer with average fibre diameter
of 1.20 £ 0.31 pum (Fig.2.2). The fabricated blood vessel exhibited acceptable
mechanical properties such as Young’s modulus of 2.00 + 0.40 MPa and strain stress

of 300%. [43].

Fig.2.2: SEM image of polyurethane fibrous scaffold consists of micropatterned
internal layer and electrospun micro fibres external layer; the ridge width, channel
width and channel depth were 3.6 £ 0.2, 3.9 £ 0.1 and 0.9 + 0.03 um, respectively
(reprinted from Ref.43).
2.1.1.3. Other polymers
Other polymers apart from PCL and PU were used to create fibrous scaffolds

such as L-lactide-co-trimethylene carbonate [44], polypropylene (Moplen 462R PP)
and polylactide (PLA 4060D) [45]. Different treatment for the polymers is employed
either [44, 45].

Crosslinking L-lactide-co-trimethylene carbonate fibrous scaffold by y-
radiation enhanced the mechanical properties of the synthetic fibrous scaffold. The
crosslinked scaffold exhibited Young’s modulus matched the native human artery (0.4

to 0.8 MPa) [44].
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Melt electrospinning technique was employed to manufacture synthetic
blood vessel which avoided the drawbacks of using solvents. However, the influence
of the mass flow rate on the structure of electrospun fibrous scaffold is major compared
to the other fabrication parameters such as voltage and distance between the spinneret
and the collector. Tubular vascular grafts were fabricated using polypropylene
(Moplen 462R PP) and polylactide (PLA 4060D) after finding the appropriate mass
flow rate (25 g/10 min and 2.16 kg at 230°C) with an average fibre diameters up to 4.8
and 3 pum respectively (Fig.2.3). However, the random nature of the electrospun
fibrous scaffolds might affect the response of the cells either positively or negatively

[45].

Fig.2.3: Tubular blood vessels fabricated by melt electrospinning: (a, b) polypropylene
(Moplen 462R PP); (c, d) polylactide (PLA 4060D) (reprinted from Ref.45).
2.1.2. Natural polymer nanofibre scaffolds

Natural polymers, such as silk, collagen and elastin, have also been deployed
to fabricate blood vessels. They have good biological properties in terms of cell
attachment and proliferation. However, they demonstrated low mechanical properties,
compared to synthetic polymers that is essential in synthetic blood vessel

manufacturing [46-53].
17
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2.1.2.1. Silk

Silk fibroin is a protein that can be obtained from the Bombyx mori silkworm.
Research showed that silk has good biocompatibility, degradability and mechanical
properties [46-48]. Electrospinning of silk fibroin was of great interest. However, it
was done with other polymers to enhance electrospinnability or in organic solvents.

Silk-based vascular graft of 5 mm diameter and 0.15 mm wall thickness was
fabricated (Fig.2.4). The electrospun scaffold demonstrated elastic modulus, ultimate
tensile stress and burst strength up to the values of 2.45 £ 0.47 MPa, 2.42 + 0.48 MPa

and 811 mmHg respectively, which are comparable to native blood vessels [46].
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Fig.2.4: (a) Image of silk-based vascular graft (b) SEM photograph of silk-based
fibrous scaffold (reprinted from Ref.46).

Zhou et al [47] illustrated optimised conditions for the fabrication of silk
fibroin (SF) based blood vessel using electrospinning without the utilization of organic
solvent. These fabrication conditions are 18 kV, collection distance of 18 cm,
concentration of 37%, and flow rate of 0.15 mL/min. Methanol treatment of fibrous
scaffolds after fabrication led to an increment of the tensile strength value from 0.36
MPa to 3.57MPa. The treated SF scaffold is more crystalline than untreated SF
scaffold which was confirmed by DSC analysis and ATR-FTIR-ATR. The
melting/decomposition temperature and enthalpy measured by DSC analysis increased

by lengthening the methanol treatment to 15 min (for untreated sample T (°C) and AH
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are 279.7° and 130.13 Jg'!, for methanol treated sample T (°C) and AH are 287.2° and
138.44 Jg!'. FTIR analysis indicated that the peak of B-sheet structure is clearer
through longer methanol treatment (1699 cm'1) [47, 48], see Table.2.
2.1.2.2. Gelatine

Collagen constitutes the major ratio of native blood vessel compositions [49].
Gelatine is a denatured form of collagen and has been used to electrospin scaffolds for
blood vessels. Gelatine nanofibrous tubular scaffold was electrospun with an internal
diameter of 5 mm and an average fibre diameter of 0.67um [49]. However, gelatine is
soluble in water. Crosslinking with glutaraldehyde is a way to prevent the dissolution
of gelatine fibrous scaffold (Fig.2.5) [50]. The crosslinked scaffolds showed
reasonable mechanical properties relative to natural collagen. For instance, gelatine
scaffold crosslinked with glutaraldehyde exhibited a young’s modulus of 33.8 MPa in
the axial direction whilst natural collagen has Young’s modulus of the value of 5-10
MPa [51]. The crosslinked scaffolds further showed excellent tensile strength in the
axial direction to up to 2.9 MPa compared to that measured for human coronary artery
of 60 KPa. However, the strain to failure of these scaffolds was lower than that
measured for arteries (11.7% for crosslinked scaffolds and 35% for arteries) [52], see

Table.2.

Fig.2.5: SEM photograph of gelatine tubular scaffold (a) before crosslinking (b) after

crosslinking in 25% glutaraldehyde for 3 days (adapted from Ref.52).
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4.1.2.3. Elastin

The existence of elastin in natural arteries increases the strain to failure and
reduces the Young’s modulus. Additionally, it reduces blood clotting as it is blood-
contacting surface on stents and grafts. Recombinant human tropoelastin (rTE) is the
monomer form of elastin which results in native elastin with crosslinking. rTE was
utilized for the fabrication of electrospun blood vessel and crosslinked by
disuccinimidyl suberate [53]. The electrospun rTE fibrous scaffold showed
encouraging mechanical characteristics such as ultimate tensile strength of 0.36 £ 0.05
MPa, elastic modulus of 0.91 £ 0.16 MPa and burst pressure of 485 £ 25 mm Hg [53].
2.1.3. Nanofibre scaffolds from polymer blends

Polymer blends have been employed as material to fabricate blood vessels to
obtain good mechanical properties and biocompatibility [54-62]. Blends comprising
synthetic polymers only or natural polymers only or a combination of synthetic and
natural polymers have been all attempted. This generally resulted in an enhanced
mechanical and biological properties when compared to scaffolds produced from
single polymers.

As examples of producing fibrous scaffolds from synthetic polymer blends
[57-60], it was found that small diameter blood vessel fabricated from poly (L-lactic
acid)-co-poly (e-caprolactone) P (LLACL 70:30) (3 mm internal diameter) has
mechanical properties closer to native abdominal aorta. The P (LLACL) fibrous
scaffold demonstrated tensile strength of 3.9+0.3 MPa in the circumferential direction
while native abdominal aorta showed tensile strength of 5.29 MPa in the same
direction. Fig.2.6 a, b indicated that the integrity of the fibrous scaffolds is maintained

for less than 2 month when immersed in PBS solution at 37°C [54].
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Fig.2.6: SEM images of in vitro degradation of P (LLACL) fibrous scaffold in PBS at
37°C after (a) O time, (b) 2 months (reprinted from Ref.54).

Electrospun PU/PCL blend was used to construct small-diameter blood vessels
(3 mm diameter, 0.5-2um fibre diameter, 0.5-150 um pore size).The thus-constructed
vessels demonstrated sufficient mechanical properties (tensile strength: 18MPa,
Strain: 375% and pressure strength: 590-600 mmHg) that meets the requirement of
vascular graft applications [55].

PCL (25:75) blend demonstrated better biomechanical properties for
cardiovascular graft applications than PLA/PCI (75:25), with tensile strength of
1.0+0.3 MPa versus 2.6+0.8 MPa, tensile strain of 7.4+2.3 % versus 1.8+1.2% and
suture retention strength of 0.454 + 0.047 versus 0.062 £ 0.025) [56].

Hybridization of silk fibroin with collagen for the fabrication of small
diameter blood vessels (bmm diameter and 8mm length) enhanced the mechanical
properties. The Silk fibroin-collagen fibrous composite showed burst pressure and
strain at failure of 894.00+24.9 mmHg and 28.76+1.39% respectively while the pure
silk fibroin fibrous scaffolds (SF) showed burst pressure and strain at failure of
575.67+17.47 mmHg and 27.12+2.63 % respectively [57];  (see Table.2).

In studies on synthetic-natural polymer blends [58-62], nanofibrous scaffolds
comprises of gelatin/ PCL and collagen/ PLCL (average fibre diameter: 386.9+102.5

nm and 301.8497.3 nm respectively) were tested in terms of their compatibility as
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vascular prostheses [59]. Both gelatin/PCL and collagen/PLCL scaffolds demonstrated
good wettability (contact angle=0°). However, Young’s modulus of collagen/PLCL
scaffold increased from 1.77+ 0.09 MPa to 5.99+0.80 MPa after 6 weeks
transplantation in nude mice as a result of vessel-like tissue formation whilst Young’s
modulus of gelatin/PCL decreased from 1.49+0.06 MPa to 0.75+0.15 MPa after the
same period of transplantation [58].

Polydioxanone (PDO)-elastin (50:50) blend demonstrated mechanical
properties close to that measured for native femoral artery. Sell et al created a scaffold
using PDO (100:0) that showed elastic modulus, ultimate stress and strain at failure of
19.98 +£0.74 MPa, 5.57 £ 0.7 MPa and 206.33 + 38.96 % respectively [59]. When the
blend of PDO-elastin was (50:50), these mechanical properties were lower: 9.64 +
0.66 MPa, 3.25 + 0.24 MPa and 64.93 + 3.97%. PDO-elastin (50:50) demonstrated
characteristics that were closer to those measured for femoral artery (9 to 12 MPa, 1
to 2 MPa and 63 to 76%) [59].

Collagen-elastin-poly (D, L-lactide-co-glycolide) (PLGA) (45%-15%-40%)

blend was utilized in fabricating small diameter blood vessel comprised of 4.75 mm

diameter, 0.5 mm wall thickness and 477 to 765 nm average fibre diameter. The hybrid

scaffold demonstrated tensile strength and young’s modulus up to the values of 0.37
MPa and 0.85 MPa respectively [60].

Polylactide-silk fibroin-gelatin Composite based blood vessel (4.5 mm diameter,

0.5 mm wall thickness and 82% porosity) possessed breaking strength, strain, suture

retention strength and burst pressure strength of 2.21 + 0.18 MPa, 60.58+1.23%, 4.58

+ 0.62 N and 1596 + 20 mmHg. These properties are comparable to native blood

vessels [61, 62], see Table 2.
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2.1.3.1. Layered scaffolds

Studies on blood vessel fabrication showed that mimicking the three walls of
native blood vessels can be produced using layering technique of electrospinning [63-
65].

Polycaprolactone, elastin and collagen have been used to fabricate tri-layered
blood vessel resulting in compliance ranging from 0.8 to 2.8%/100 mm Hg and
young’s modulus ranging from 2.0 to 11.8 MPa. As shown in Table.2, the compliance
and modulus measured for the tri-layered graft matches that of native artery [63.

Another polymeric blend, collagen-chitosan-thermoplastic polyurethane (TPU)
was used to fabricate vascular graft blood vessel of 3mm in diameter. The fibrous
scaffolds were electrospun in random and aligned orientations consisting of fibre
diameter of 360+220 and 256%145 nm respectively. Both random fibrous scaffold and
aligned fibrous scaffold showed average elongation at break strength and average
tensile strength of 9.87 £ 1.77 % and 9.38 + 1.04 MPa and 58.92 + 15.46% and 14.93
+ 0.59 MPa respectively [64].

Additionally, collagen and chitosan can improve both the wettability and the
biological properties of polymers. Collagen/chitosan/P (LLA-CL) (20:5:75) tubular
scaffold was fabricated with attributes of 3 mm diameter, 1.1 £0.5nm pore diameter,
409 +£120nm fibre diameter and 0.33 + 0.09 mm wall thickness. This tubular scaffold
provided ultimate stress , elongation at break , elastic modulus, burst press, compliance
and contact angle of 16.9 £ 2.9MPa,112 + 11%mmHg,10.3 + 1.1MPa ,>3365 + 6
mmHg ,0.7+0.4 mmHg and 110.5 + 0.9° [65].

Table.2 lists the polymers used for the fabrication of small diameter blood
vessels and their relative mechanical properties. It is quite clear that the mechanical

properties of polymer blends is better than individual synthetic and nature polymers.
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Table.2: Polymers used for the fabrication of small diameter blood vessels, and their mechanical properties.

Polymers Solvents Operating conditions Mechanical properties Ref.
Polymer M 1
concentration Air | Flow | Spinning an('lre Young’s | Maximum | Maximum | Burst
Voltage ) rotation .
gap rate time d Modulus stress Strain strength
(W N % ) (kV) Spee
(cm) | (ml/h) (min) (MPa) (MPa) (%) (mmHg)
(rmp)
Synthetic polymer-based scaffolds
CHC1 12.5 13 20 180 3600 30.9 47.0+£6.3
’ ‘ 0.6 66 | 4302 | U EY
PCL-PLA
[35]
10.7 + 1.2+£0.1
CHCI:/DMF 14 13 20 180 0.3 B 260
1.5 10800 :
PCL CHCls/ EtOH 15 20 12 6 4.8 600 [47]
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PCL CHCIs/ EtOH 5-15 15-25 12-24 4500 2-7.4 200-1200 [33]
TIPS-PEUU HFIP 8 10 1 250 1.4+04 | 8317 [42]
3280 [32]
PCL CHCls/ EtOH 15 20 12 6 4.1+0.5 1092 +28 4280
PLCL HEP 9 15 1 500 1.2 +0.3 323+ 270 933 22 [38]
0.57
s 18 ) 17.44+ 13.35 168.40
CHCls/ 0.91 +1.47 +8.76
PCL (48]
MeOH 21.00 + 639.20 +
5 11 8 139 8.72+0.84 415
Natural polymer-based scaffolds
. 2.45 + 2.42 +
Silk 10-11 0.9 3000 047 0.48 811 [46]
Gelatine TFE 10 30 1.5 50 2 33.8 2.9 11.7 [49]
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0.91 + 0.36 +
+
(r'TE) HFP 15 185 | 125 | 2 4400 016 0.05 485 £25 | [53]
Hybrid polymer-based scaffolds
1 L
PDO-elastin HFP ar?g ;(1)%/ ;1 o, | gy | 4and <00 064+ | 325+ | 6493+ 601
(50:50) & 8 0.66 0.24 3.97
mL
Collagen-
elastinPLGA HFP 5-20 22 10 3 500 0.85 0.37 [61]
PLLACL DCM/ 16.6 +
coated with 10 10 1 15 150 T 139403 | 292487 [54]
collagen
PEUU-PMBU HFP 15 10 15 1 45 250 3+1 342443 [67]
. formic 1000
PLA-Silk solution 13 30| 13 02 60.58+
Fibroin- 2.21+0.18 1596+ 20 | [62,63]
; 1.23
Gelatin | cHcly EtOH 5 25 | 15 | o1 2000
+
PCL-collagen HEP 1 20 10 3 1000 | 2.7#1.2 | 4.0£0.4 14013 4?;_ [68]
PHBV-PCL CHCl3 1 20 15 | 05 3000 2247 | 14+03 | 30+20 [69]
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Collagen-
- +

chitosan- HFP/TFA 14 1125 103411 | 16929 | 112+11 >33665 £ | [66]
P(LLA-CL)

Lecithin-

CHCI:/DMF 18 15 3592 + 522+ 107.15 £ [70]

cholesterol- P 0.50 1078
(Chol-PCL) : : :

HFP; 1, 1, 1, 3, 3, 3-hexafluro-2-propanol, TFE; 2, 2, 2-trifluoroethanol, DCM; dichloromethane, DMF; N, N-dimethylformamide; TFA; 2, 2, 2-

trifluoroacetic acid.
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2.1.4. Biological studies on fibrous small-diameter blood vessels

The successful implantation of small diameter blood vessels is influenced by factors
such as anastomosis (attachment of the artificial blood vessels to the native blood vessels),
intimal hyperplasia resulting from the over-proliferation of SMCs inside the blood vessels and
thrombosis formation due to blood clots. Endothelialization of the synthetic blood vessel is
one way to overcome some of the limitations mentioned.

In an attempt to mimic native blood vessels, synthetic blood vessels have been
seeded with cells including endothelial cells (ECs), fibroblast, smooth muscle cells (SMCs),
and mesenchymal stem cells (MSCs). Research on tissue engineering using fibrous scaffolds
have shown that cell attachment and proliferation is affected by parameters of the fibrous
scaffolds such as the type of scaffold [72], alignment of the fibre [43], wettability [55] and
collagen content of the scaffolds [54]. The responses of synthetic blood vessels to these cells
are discussed in the following sections.
2.1.4.1 In vitro studies
2.1.4.1.1. Endothelial cells

ECs is a cell type that is commonly used to seed synthetic scaffolds for blood
vessels. This is because ECs constitute the inner layer of native blood vessels and can prevent
thrombosis formation [15-17 and 71-79]. ECs cell attachment and proliferation is affected by
parameters of the fibrous scaffolds such as stiffness [66, 71], shear stress applied on the scaffold
[72], wettability [55], collagen content [54, 73-76], alignment of the fibre [43, 64, 77], and
the type of scaffolds [46, 53, 78, 79].

Research in the field of vascular grafts fabrication have reported that
stiffness of the material can influence the cell-scaffold interaction. A reduction in ECs
proliferation was shown when cultured on stiffer gel-based scaffold [71]. Gaudio et al. showed

that Rat cerebral endothelial cells (RCECs) proliferated better on electrospun PCL scaffold
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which was more flexible than electrospun PCL/po (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) composite blend. Additionally, there were more significantly more apoptotic cells on
PHBY fibrous scaffold due to the stiffer nature of PHBV [66].

Small-diameter grafts made of PCL electrospun nanofibres with 2.4+0.1 mm inner
diameter, 128+13um wall thickness and fibre diameters on the inner and outer surfaces of
7994116 nm and 820+121 nm respectively were seeded with ECs. It was demonstrated that the
gradual increase of shear stress from low (3.2 dyn/cm?) to high (19.6 dyn/cm?) applied on the
endothelialized grafts in a custom-designed mock circulatory instrument could reduce the
detachment of cells, increase cell elongation and alignment and actin fibres with the direction
of flow. This protocol could be utilised to enhance the retention of ECs prior to implantation
of the vascular grafts [72].

PU/PCL blend scaffold resulted in hydrophilic surface (contact angle: 126°) which
supported the adhesion, and proliferation of cow pulmonary artery endothelial cells when
cultured for 5 days (optical density: 4% versus 1% for 1 day) [55].

Researchers showed that the addition of collagen to polymeric scaffolds can enhance
EC interaction with the scaffolds. A bilayered fibrous vascular graft of poly (e-caprolactone)
(PCL) and collagen blend of 4.75 mm with different fibre diameters (0.27 um inner layer and
4.45 um outer layer) enabled confluent endothelization on the inner layer lumen [73-75].
Collagen coated P (LLACL) fibrous scaffold by air plasma treatment assisted the adhesion,
spread and proliferation of Human coronary artery endothelial cells (HCAECs) after 10 days
of culture [54]. A vascular prosthetic of collagen/chitosan/P (LLA-CL) (20:5:75) promoted
ECs interaction compared to pure P (LLA-CL) [65]. Encapsulation of vascular endothelial
growth factor (VEGF) in the fibrous scaffold of chitosan hydrogel /poly(ethylene glycol)-b-
poly(L-lactide-co-caprolactone) (PELCL) as inner layer and platelet-derived growth factor

(PDGF) in the fibrous scaffold of emulsion poly(ethylene glycol)-b-poly(L-lactide-co-
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glycolide) (PELGA)/ PELCL as outer layer by coaxial electrospinning could potentially control
the proliferation of vascular endothelial cells (VECs).VECs proliferated faster to cover the
lumen of the graft (optical density=1.4) after 3days of culturing [76].

Fibre alignment is another parameter that influences EC proliferation. Aligned
nanofibres have been shown to enhanced BAEC cells response in comparison to random
nanofibres when synthetic blood vessel were fabricated from absorbable poly-e-caprolactone
(PCL) with 4.5 inner diameter and 400-500 nm average fibre diameter [77]. Polyurethane
vascular graft with patterned lumen enabled the cells to migrate through these patterned

channels, thus, enhancing the full endothelialization of the vascular graft (Fig.2.7; [43]).

S0 pm

Fig.2.7: Endothelial cells cultured inside the micropatterned polyurethane-based synthetic
blood vessel after 3 days (reprinted from Ref.43). Porcine iliac artery endothelial cells were
cultured for 7 days on both random and aligned collagen-chitosan-thermoplastic polyurethane
(TPU) scaffolds leading to almost equal cell viability on both scaffolds for PIECs (absorption
index 1.6) [reprinted from Ref.64].

Similarly, ECs have also been cultured on natural polymer [46, 53, 78, and 79].
Human aortic endothelial cells cultured on silk fibrous mats have been shown to adhere and
proliferate well on the fibrous scaffold. However, human aortic endothelial cells did not
infiltrate the fibrous scaffold due to the small size of the pores [46]. Tubular scaffold fabricated
from recombinant spider silk protein (pNSR32), polycaprolactone (PCL) and gelatin (Gt).
At aratio of 5:85:10 exhibited porosity, pore size, average fibre diameters and contact angle of
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86.2+2.9%, 24234+979,166£85 nm and 45.7+13.7° respectively. The proliferation of rat aortic
ECs on pNSR32/PCL/G scaffold was higher than pure PCL and pNSR32/PCL after 7 days of
culture , evidenced by a higher proliferation index of 26.8% compared to that of PCL and
pNSR32/PCL (17.8% and 21.5%) respectively [78]. Using the same silk protein (pNSR32) and
combining it with PCL and chiton also showed enhanced EC growth which may lead to release
of higher concentration of NO within 7 days culture (40 um/L versus 30 um/L for untreated
PCL) [79]. This is in return reduced the risk of thrombosis.
Another natural polymer, r'TE was used to fabricate blood vessel and has been

demonstrated to support endothelial cell adhesion and growth [53].
2.1.4.1.2. Smooth muscle cells

SMCs constitute the middle layer of native blood vessels and it provides the
elasticity to the vessels so they can withstand the pulsatile forces from constant blood
circulations [15-17].

The ability for SMCs proliferation interact with scaffolds can be affected by
parameters such as the mode and the time of culture [36, 38], the type of scaffold [80], fibre
alignment [81, 82], and collagen content of the scaffolds [58].

SMCs cultured in tubular fibrous scaffold of poly (lactide-co-e-caprolactone)
of 4mm internal diameter experienced better proliferation under a dynamic condition than in
static culture. In addition, both collagen and DNA contents under dynamic culture were higher
than the static culture after 2 weeks (11.5 pg/mg and 35 pg/mg for collagen respectively and
5.7 £0.35 mg/uL and 7.5+0.2 mg/uL for DNA respectively) [36].

PLCL nano-fibre based vascular grafts seeded with SMCs showed good
biological properties [38], with increasing cell viability dramatically by increasing cell culture

time of grafts from 1 week to 7 weeks resulting in values of 5x10° cells and 11x10° cells
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respectively. DNA content evaluation showed enhancement as a result of extending cell culture
time from Iweek (1.4+0.1 pg/uL) to 4 weeks (5.6 £0.3 ug/uL) [38].

Poly (ester amide) s (PEAs) was used as novel approach for fabricating synthetic
blood vessel. PEAs is difficult to electrospin. However, Srinath et al. have shown that adding
18-30% PCL can enhance electrospinnability. PEA-PCL fibrous scaffolds with an average
fibre diameter of 0.4um enhanced both the proliferation of SMCs and the expression of elastin
after 7 days when compared to PEA discs and PCL fibrous scaffold with the same fibre
diameter. Further, the elastin expression of PEA-PCL fibrous scaffold was 230% while it was
just 50% for PEA films and 100% for PCL fibres [80].

It has been noted that the expression of cultured SMCs on electrospun PLLA fibrous
scaffold covered polydimethylsiloxane (PDMS) can be either synthetic or contractile
phenotype. Synthetic SMCs are able to swiftly proliferate and migrate, producing ECM
components like collagen and elastin. Contractile SMCs are mature and do not produce ECM
which is the case of healthy tunica media of natural blood vessels [81]. The alignment of fibres
plays a role in that, random PLLA fibres tended to produce SMCs with synthetic phenotype
and aligned fibres will exhibit SMCs with contractile phenotype [81].

SMCs seeded on the blended scaffold of Collagen/elastin/poly (D, L-lactide-co-

glycolide) (PLGA) (45%/15%/40%) provided mitochondrial metabolic activity of 90% after 7

days of culture [60]. SMCs responded better to collagen/PLCL than gelatin/PCL providing

bipolar spindle shape indicating a contractile phenotype with an optical densities of 0.3 and 0.2
respectively after 1 day of culture [58].

Apart from seeding SMCs on scaffolds, technology has enabled sheets of SMCs to

be generated forming scaffolds made entirely from cells. Combination of cell sheet technology

with electrospinning resulted in harvesting robust confluent cell sheet which is difficult to

obtain by cell sheet technology alone [81]. Firstly, micropatterned polydimethylsiloxane
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(PDMS) was covered by N-isopropylacrylamide (pNIPAm). Secondly, electrospun
polycaprolactone (PCL) scaffold was mounted on the micropatterned PDMS and then cultured
by human aortic smooth muscles cells for 4 days. Eventually, the confluent cell sheet detached
from the PMDS substrate upon cooling to room temperature and rolled over mandrel of 3 mm
diameter to form synthetic blood vessel with contractile SMCs [82].
2.1.4.1.3. Fibroblast

Fibroblast constitute the outer layer of native blood vessels along with collagen
and it adds rigidity to the vessels [15-17]. So in mimicking the native vessels, fibroblast are
tested in tissue engineered vascular grafts research.

Fibroblasts, being a major constituent of the outer layer of blood vessel, is
another cell type that is examined on synthetic vascular graft. Fibroblasts from various species
such as mouse and human have been seeded on different types of polymeric scaffolds.
Fibroblast cell attachment and proliferation is affected by some parameters such as the type of
the scaffold [39], the size of the pores of the scaffolds [35], and collagen content of the scaffolds
[57,64,65].

PU graft demonstrated similar biocompatibility compared to the commercial
PTFE vascular graft where the relative growth of mouse fibroblasts (L929) cells is almost 80%
in both cases [39]. 3T3 mouse fibroblasts cells adhered well to the surface of a bilayered
PCL/PLA scaffold after 4 weeks of cell culture as shown in (Fig.2.8). Human venous
myofibroblasts (HVS) cells were concentrated in the outer layer of PCL rather than the inner
layer of PLA, which possibly due to the pore size. However, the cell content was almost 64%
compared to the native porcine pulmonary valve tissue indicating that the growth of the tissues

was in progress [35].
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Fig.2.8: PCL/PLA nanofibrous scaffold cultured in 3T3 mouse fibroblasts cells for 4 weeks
(reprinted from Ref.35).

Human dermal fibroblasts was cultured on PDO-elastin scaffolds for 1 day and
7 days and it was observed that these cells could infiltrate the surface of polydioxanone-elastin.
When cultured on the pure PDO, the fibroblasts were only attached to the surface as shown in
Fig.2.9. It is clear that PDO boosted the mechanical properties of the blend while elastin

improved the elasticity and the cells interaction since it mimics the natural ECM [59].

Fig.2.9: SEM micrographs of human dermal fibroblasts cells cultured on (a) pure
polydioxanone and (b) polydioxanone-elastin (50:50) blend for 1 day, histology examination
of human dermal fibroblasts cells cultured on (c) pure polydioxanone and (d) polydioxanone-
elastin (50:50) blend for 7 days (reprinted from Ref.59).

3T3 mouse fibroblasts cells experienced good adhesion, spread and proliferation

when seeded on Polylactide-Silk Fibroin-Gelatin fibrous scaffold for 21 days [64, 65]. The 3T3
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fibroblast cells responded better on hybridized silk fibroin-collagen fibrous scaffold than pure
silk fibroin fibrous scaffold [57].
2.1.4.1.4. Mesenchymal stem cells

MSCs have been of interest to vascular research due to its ability to differentiate to
SMCs and ECs in vivo. It can be used to replace ECs that are injured or impaired due to SMCs
overgrowth [85].

Porosity plays an important role in the interaction of MSCs with the scaffold.
MSCs cultured on PCL scaffolds with various porosity showed the higher the porosity of
polycaprolactone (PCL) scaffolds (30 um and 5-6 um average fibre diameter) the faster the
formation of neoarteries. MSCs cells seeded on highly porous PCL resulted in tissue
remodelling while seeding on less porous PCL led to proinflammatory phenotype [48].

TIPS/ polyurethane ester urea (PEUU) scaffold was tested using MSCs
demonstrating cell density up to 92 + 1% [42] in comparison to the control.

Electrospun poly (propylene carbonate) fibrous scaffold with Sum average fibre
diameter was used to fabricate vascular graft of 1.5-2 mm diameter and 0.3-0.4 mm wall
thickness. MSCs were cultured on the vascular graft for 14 days and it showed acceptable
response in terms of adhesion, proliferation and differentiation [83].
2.1.4.2. In vivo studies

Implantation of electrospun synthetic blood vessels in animal models is an important
step to demonstrate that the vascular graft can function as intended in a living system. Various
electrospun polymers were used for in vivo studies including PCL [35] and PU [46], see
Table.3.

A tubular PCL scaffold of 2mm diameter fabricated from PCL fibrous scaffold of
1.90 pm average fibre diameter showed better patency rate compared to expanded

polytetrafluoroethylene (ePTFE) grafts when investigated in rats for 24 weeks. The growth of
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endothelial cells and fibroblast with extra cellular matrix (ECM) was faster in PCL scaffolds
and angiogenesis formation was also observed [69].

The histological analysis of the synthetic blood vessel made from PCL electrospun
fibrous scaffold showed that no thrombosis or aneurysm accompanied the implantation of
blood vessels in an abdominal aortic rat after 12 weeks. Homogenous infiltration of cells along
with degradation of the scaffold, ECM formation and full endothelilization were also observed

Fig.2.10 [33].
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Fig.2.10: Histological analysis for PCL electrospun blood vessel implanted in an abdominal
aortic rat for 12 weeks (a) 20 X, (b) 100 X, (c¢) and (d) 200 X magnification (reprinted from
Ref.33).

PCL-based grafts have not been extensively investigated in vivo for its long term
effect [51]. Sarra de Valence et al. showed that PCL grafts demonstrated good patency,
endothelialization, and no thrombosis up to 6 months when implanted in the abdominal aorta
of rat Fig.13 a, b. However, cell regression appeared at 12 and 18 months of implantation due
to chondroid metaplasia formation that is responsible for calcification of the grafts

(Fig.2.11 ¢, d; [32]).
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Fig.2.11: (a) Lumen area of explanted PCL graft with no thrombosis formation, (b) endothelial
cells layer over the lumen of the graft observed by immunohistology with a brown CD34
staining, (c) the occurrence of chondroid metaplasia () after 6 months of implantation which
in turn led to calcium deposition (#), (d) The invasion of chondroid metaplasia to the graft
material and the osteogenesis formation in the intimal hyperplasia layer (reprinted from
Ref.32).

Another way of increasing patency rate of small diameter blood vessels is to modify
PCL scaffolds with arginine-glycine-aspartic acid (RGD) molecules. Small diameter blood
vessel of 2.2mm inner diameter containing RGD enhanced both patency rate with no
thrombosis observed after 4 weeks of implantation in a rabbit and SMCs and ECs infiltration.
SMCs covered an average of 65.3+7.6% of PCL-RGD surface area after 4 weeks of

implantation (Fig.2.12; [84]).
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Fig.2.12: Investigation of explanted (a) PCL graft and (b) PCL-RGD graft by stereomicroscope
and H&E cross-section staining after 4 weeks of implantation. Acute thrombosis was observed
in the lumen of PCL (reprinted from Ref.84).

In vivo comparison study between PCL and polytetrafluoroethylene (ePTFE) was
attempted for 16.5 months. It was evident that PCL characteristics is better than that of
commercial ePTFE in terms of patency rate (100% versus 67%), compliance (8.2+1.0
%/100mmHg versus 5.7+0.7%/100mmHg), endothelialization (100+£0.0 % versus 99.6+1.0
%), cellular-in-growth (32.1£9.2 % versus 10.8+4.0 %) and calcification (7.0+5.0 % versus
15.843.2 %). Therefore, this study paves the way for deeper analysis to commercially validate
PCL based vascular grafts [85].

Comparison between gelatin/PCL scaffolds and collagen/PCL scaffolds has been
carried out in vivo in mice for 6 weeks. The results of hematoxylin and eosin (H&E) staining
after subcutaneous implantation showed that gelatin/PCL formed heterogeneous fibres with
clear nondegradable scaffold, while collagen/PCL led to the formation of vessel-like tissues

with homogenous surface and bands of collagen (Fig.2.13; [58]).
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Fig.2.13: Histological photos (H&E staining) of gelatin/PCL (a) and collagen/PLCL (b)
scaffolds after 6 weeks implantation in nude mice and newborn pig aortic blood vessel (c) as

control (reprinted from Ref.58).

Scaffolds of 1.3 mm diameter made of electrospun biodegradable poly (ester
urethane) urea (PEUU) modified with Nonthrombogenic 2-methacryloyloxyethyl
phosphorylcholine (MPC) copolymer were implanted in the abdomen of rats for 4, 8, 12 and
24 weeks. The MPC modified conduits demonstrated a patency rate of 92 % after 24 weeks of
implantation which is much higher than that observed for unmodified conduits (40%).
Neotissues comprise of collagen and elastin as well as smooth muscle cells (SMCs) and
endothelial cells (ECs) were observed after implantation. Despite the fact that the constructed
conduits demonstrated higher compliance (4.5#2.0 x 10* mmHg') than native rat aortas
(14.241.1x10* mmHg™), they become comparable to the native values after 4 weeks of

implantation. Nonetheless, the conduits became stiffer after 24 weeks of implantation [86].
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PU conduits demonstrated good biological characteristics when implanted in rats
[46]. PU based tubular vascular graft was fabricated with 1.5 internal diameter, 70 pm wall
thickness and 0.88 um fibre diameter. The fabricated grafts showed 95% patency rate and no
thrombin after implantation up to 6 months in inbred Sprague-Dawley rats. Myofibroblasts and
myocytes showed good cell responses in terms of adhesion and proliferation. The ultimate
circumferential tensile stress of the grafts was also evaluated to be 26.4 MPa [87].
Effect of porosity of PU grafts was investigated and it was found that fine mesh
PU grafts with low porosity (53%) increased cell adhesion and proliferation at early stages than
coarse mesh polyurethane grafts with high porosity (80%) when implanted in a rat model.
However, cell number significantly improved in the high porosity polyurethane grafts.
Both fine and coarse mesh grafts possessed the same biomechanical properties before and after

transplantation. The tensile strength of the fine and coarse mesh grafts were of 20.2 £ 4.6 and
16.3 = 0.9 MPa respectively, which was higher than that of native rat aorta 4.4+0.9 MPa [88].

In vivo study of replacing inferior superficial epigastric rabbit veins by P (LLACL) for
7 weeks implantation showed that the fabricated scaffold has good patency with no thrombosis
observed [54].

Subcutaneous implantation trial of the PLA/SF-gelatin fibrous scaffold for 3 month
in sprague-dawley rats, resulted in the formation of vascular network and the decrease of the
shape of the scaffold. This indicated that the scaffold has good biocompatibility and
biodegradability in vivo [61, 62]. Synthetic vascular graft (1 mm diameter) made of poly (L-
lactic acid) micro fibres modified by poly (ethylene glycol) and hirudin showed integration and
remodelling with host vasculature when implanted in carotid artery of female sprague-dawley
rats. The elastic modulus increased from 3.5 MPa to 11.1 MPa as a result of increasing the

implantation period from 1 month to 6 months [89].
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Table.3 summarizes the cellular responses on small diameter polymeric blood

vessels in vitro and in vivo.
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Table.3: Polymers used for the fabrication of small diameter blood vessels, and their biostudies.

Polymers Cell response Ref.

in vitro study in vivo study
Synthetic polymer-based scaffolds

PCL-PLA 3T3 mouse fibroblasts cells covered the surface of
PCL/PAL fibrous scaffold after 4 weeks. Human [35]
venous myofibroblasts (HVS) cells were concentrated
in the outer layer of PCL-PLA scaffold.

PCL Implanted in a rat revealing that endothelilization | [47]
and extra cellular matrix (ECM) formation of PCL
was faster than PTFE commercial grafts.

PCL In vivo implantation in rat for 12 weeks showed that | [33]
the blood vessels were completely endothelilized
without thrombosis formation.

TIPS-PEUU Cell culture resulted in density up to 92 + 1% using [42]
Adult stem cells.
PCL Good patency rate, no thrombosis formation and | [32]

rapid endothelilization up to 6 months of
implantation in abdominal rat aorta. However,
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calcium deposition appeared after that at longer term
of implantation.
PLCL Smooth muscle cells (SMCs) were cultured for up to7 [38]
weeks. The viability of cells increased by increasing cell
culture time (11x105 cells after 7 weeks).
PCL Thicker fibre diameter based PCL graft enhanced the [48]
formation of immunomodulatory and tissue remodeling
(M2) phenotype when MSCs cells were cultured.
Natural polymer-based scaffolds
Silk Human aortic endothelial cells and coronary artery [46]
smooth muscle cells experienced good proliferation.
(rTE) Tropoelastin based blood vessel showed good [53]
endothelial cell response in terms of adhesion and
proliferation.
Hybrid polymer-based scaffolds
PDO-elastin (50:50) | Human dermal fibroblasts cells cultured on pure PDO [60]

and PDO-elastin blend for 7 days. Hybrid scaffold of
PDO-elastin showed better cell response than pure PDO
in terms of adhesion, proliferation and migration.
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Collagen-elastin- Ovine SMCs cultured on collagen/elastin/PLGA blend [61]
PLGA for 7 days demonstrating good cell viability (90%).
PLLACL coated P LLA-CL-collagen vascular graft demonstrated good | P (LLA-CL)/collagen vascular graft demonstrated | [54]
with collagen cell response when HCAECs are cultured. good patency without thrombosis formation when
implanted in rabbit veins.
Rat smooth muscle cells were cultured on PEUU/
PEUU-PMBU PMBU fibrous scaffold for 1 day resulting in | Implanting the PEUU/ PMBU fibrous scaffold inrat | [67]
diminishment of cell number (70-76%) compared to the | abdominal aorta showed higher patency than PEUU.
control (TCPS) and pure PEUU.
PLA-silk Fibroin- | 3T3 mouse fibroblast cells cultured for 21 days on | Subcutaneous implantation test in Sprague-dawley | [62,63]
Gelatin PLA/SF-gelatin showed good proliferation. rat for 3 months resulted in biocompatibility of the
graft.
PCl-Collagen Bovine endothelial cells (bECs) and smooth muscle [68]
cells (SMCs) were cultured on PCL-collagen fibrous
scaffold demonstrating confluent layer of ECs on the
lumen of the graft.
PHBV-PCL RCEC cells experienced apoptosis on PHBV because of [69]
its stiffness.
Collagen-Chitosan- | ECs cells demonstrated good adhesion and proliferation [66]

P(LLA-CL)

on collagen-chitosan-P (LLA-CL) compared to pure P
(LLA-CL).
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Lecithin-cholesterol-
PCL

MSC cells were cultured for 7 days on both pure Chol-
PCL and lecithin-Chol-PCL for 7 days. MSCs
proliferated better on lecithin doped Chol-PCL.

[70]
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2.1.5. Functionalization of fibrous small-diameter blood vessel scaffolds
Pure fibrous scaffolds made into small diameter vascular grafts without any
modifications may encounter thrombosis formation when transplanted in animal
models. Therefore, modification of the fibrous scaffolds by antithrombogenic
molecules such as hirudin, lecithin and heparin or antithrombogenic polymers such as
nonthrombogenic 2-methacryloyloxyethyl phosphorylcholine (MPC) copolymer or
drugs such as dipyridamole (DPA) and aspirin, could significantly decrease thrombi
formation, enhance endothelialization and further promote cell ingrowth.
Functionalization of fibrous scaffolds could be done either by covalent
attachment of the antithrombogenic biomolecules or mixing the antithrombogenic
biomolecules or polymers or drugs with the electrospun polymer during the
electrospinning process. In this section, several ways of functionalizing fibrous
scaffolds are discussed, focusing on the enhancement of mechanical properties and the
biological properties of the fibrous scaffolds after functionalization.
2.1.5.1. Antithrombogenic biomolecules
Hirudin and poly (ethylene glycol) were used to modify poly (L-lactic acid)
micro fibres. It has been shown that hirudin could reduce platelet aggravation and no
thrombin activity appeared due to the existence of hirudin [89].
Lecithin/cholesterol-poly  (e-caprolactone) (Chol-PCL) electrospun
fibrous scaffold (average fibre diameter 0.5 to 1 pm) resulted in better
hemcompatibility and cytocompatibility than net Chol-PCL due to the zwitterionic
property of lecithin [70. The hemolysis ratio, which indicates the extent of lysed blood
cells at the interface with the scaffold, is much lower in the lecithin /Chol-PCL (0.5%)
than pure Chol-PCL (2.8 %) scaffold. Furthermore, the Lecithin/Chol-PCL conjugate

demonstrated biomechanical characteristics including Tensile strength, Elongation at
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break (%) and Young’s modulus up to the values 5.22 + 0.50 MPa, 107.15 + 10.78 %
and 35.92 + 4.75 MPa. MSCs proliferated better on Lecithin/Chol-PCL (optical
density 0.9 nm) than on pure Chol-PCL (0.65 nm) when cultured for 7 days [70].

Poly-e-caprolactone (PCL) incorporated with peptide cysteine-alanine-
glycine (CAG) was utilized to fabricate electrospun small-caliber vascular grafts
(SCVGs) of 0.7 mm diameter and 7 mm length. The synthetic grafts were transplanted
in the carotid arterial of sprague-Dawley rats for 6 weeks. It was found that CAG
containing grafts achieved higher endothelization ratio (97.4 + 4.6%) than pure PCL-
based graft (76.7 £5.4%) after 6 weeks of implantation. Therefore, thrombi formation
would most likely be reduced. On the other hand, a-smooth muscle actin (ASMA)
measured for a CAG/PCL graft (0.89 £0.06) was significantly less than that of pure
PCL graft (1.25%0.22).Therefore, it is speculated that CAG/PCL graft enhanced
endothelilization while inhibiting intimal hyperplasia [90].

Heparin is the most common antithrombogenic molecule used to
functionalise scaffolds. As such, there are numerous studies assessing the effectiveness
of heparin.

Biomimetic small-diameter blood vessel (3 cm in length, 4 mm in inner
diameter and 0.25 mm in thickness) was fabricated by electrospinning of gelatin-
heparin (inner layer) and polyurethane (PU) (outer layer). The thus-fabricated vessel
exhibited mechanical characteristics of breaking strength of 3.7 +0.13 MPa and
elongation at break of 110 + 8%, indicating that the addition of heparin did not alter
the properties of the scaffold significantly. The release rate of heparin was in the range
of 18.5% (lday) to 33.0% (14 day). Consequently, the PU/Gelatin/Heparin based
blood vessel appeared to have similar properties to native vessels and is

hemocompatible as a result of heparin addition [91].
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Combination of fused deposition modelling (FDM) with
electrospinning for fabricating vascular conduit resulted in enhancement of the overall
biomechanical and biological characteristics [68]. Poly-L-lactide (PLLA)/ heparin
(Hep)/poly-¢-caprolactone (PCL) based blood vessel (5 mm diameter, 0.3 mm wall
thickness, 6 cm length and 450+150 nm average fibre diameter) showed ultimate
tensile strength of 1.58+0.07 MPa which is higher than that of electrospun poly-L-
lactide (PLLA)/ heparin (0.72+ 0.03 MPa) and human saphenous vein sample (SV)
(1.15 £0.13 MPa) owing to the existence of PCL coil layer deposited by FDM. Further,
live/dead assay and DNA content (4500 ng) showed high viability (>90% viable cells)
and proliferation of human adult bone marrow mesenchymal stem cells (hMSCs) when
cultured on PLLA)/ heparin/ PCL for 48 h [68].

Heparin-poly (e-caprolactone) conjugate was employed for the
construction of small-diameter blood vessel (Length=4 cm, Diameter= 2 mm) [92].
The PCL-heparin conjugate showed hydrophilicity (70°) higher than pure PCL (10°).
Since the surface of PCL-heparin conjugate is negatively charged, it suppressed the
adsorption of plasma protein like albumin and fibrinogen, which are both responsible
for thrombi formation. Theoretically, the values of albumin and fibrinogen should be
250 and 270 ng.cm-2 respectively. Experimentally, the values of these proteins were
500 £ 32 and 560 + 40 ng.cm-2 for pure PCL and 330 + 21 and 340 + 28 for PCL-
heparin conjugate respectively. This implied that ECs achieved higher relative growth
rate when cultured on PCL-heparin conjugate (160%) than pure PCL (100%). In vivo
investigation was performed in dog’s femoral artery using PCL-heparin graft for 4
weeks resulting in potent and compatible graft. This study suggested that the heparin
containing graft might be suitable for vascular graft applications since it was able to

suppress thrombus formation and promote ECs growth [92]. Along the same lines,
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heparin was linked to the surface of poly (L-lactide) (PLLA) scaffolds by di-amino-
poly (ethylene glycol) (PEG). This resulted in greater patency rate for heparin-PLLA
scaffolds (85.7%) than untreated PLLA (42.9%) and also promoted ECs and SMCs
infiltration in the nanofibrous scaffold [93].

In addition to conjugate heparin to the scaffolds, heparin can also be
added into the polymeric solution to be electrospun so that it would be incorporated
into the scaffolds. Electrospun heparin/poly(L-lactide-co-g-caprolactone) (P(LLA-
CL) fibrous scaffold demonstrated higher patency rate of 100% after 2 weeks of
implantation in a canine model compared to P(LLA-CL) [94].Furthermore, pre-
endothelilized heparin/P(LLA-CL) fibrous scaffold exhibited mechanical properties
(tension of 95776 + 193 g/g and elongation of 8.8 + 1.7 mm) higher than that of pure
P(LLA-CL) and even heparin/P(LLA-CL) [94].

Bilayered small-diameter vascular graft (SDVG) of 2.5 mm diameter
and 6 cm length was constructed using heparin-conjugated polycaprolactone (hPCL)
as the inner layer (0.15 pm average fibre diameter) and polyurethane (PU)-collagen
blend as the outer layer (0.2-1 um average fibre diameter).The constructed SDVG
showed porosity and burst pressure of 45% and 300 KPa. In terms of its
biocompatibility, in vitro culturing of 1929 fibroblast cells on the inner and outer
scaffolds of SDVG separately resulted in the cell’s relative growth rates of 103.5%
and 98.0% respectively. Moreover, in vivo transplantation in beagle dog model for
almost 8 weeks led to no aneurysmal dilation, extravasation and stenosis [95].

In an attempt to mimic native blood vessel, a tri-layered electrospun
small-diameter vascular conduit (1.5 mm diameter and 300 um wall thickness), made
of poly (e-caprolactone) (PCL) and natural polymer chitosan (CS), was constructed by

co-electrospinning. The PCL/CS conduit was loaded with heparin which was attached
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to CS through ionic bonds. The internal layer of the conduit has higher concentration
of CS (PCL/CS= 5/4 w/w) which in turn absorbed higher concentration of heparin.
Heparin conjugation led to remarkable anticoagulation effect which was demonstrated
by increasing activated partial thromboplastin time (APTT) to 180 s, thromboplastin
time (TT) to 150 s and prothrombin time (PT) to 14 s. Additionally, platelets adhesion
has been shown to decrease in PCL/Cs 5/4 w/w to 100 cells and in PCL/Cs 4/5 w/w to
200 cell. The PCL/Cs tube demonstrated acceptable tensile strength and young’s
modulus up to 9 MPa and 7.8 MPa respectively. In vitro culture using EC and SMC
showed that heparin loaded PCL scaffold promoted the proliferation of EC by the
secretion and stabilization of VEGF while inhibited moderately the proliferation of
SMC by the activation of intracellular pathways. This result is encouraging because
high proliferation of SMCs may lead to intimal hyperplasia especially at the initial
stages and this can cause ECs to lose its function as well as narrowing the diameter of
the vessels. Both ex vivo shunt and in vivo implantation in rat abdominal aorta for 1
month confirmed the in vitro results demonstrating the absence of thrombus formation
and blood leakage [96].
2.1.5.2. Antithrombogenic polymer

Apart from using biomolecules to reduce the risk of thrombosis,
antithrombogenic polymers such as MPC has been used to functionalise small
diameter vascular grafts. Biodegradable poly (ester urethane) urea (PEUU)
immobilized with nonthrombogenic 2-methacryloyloxyethyl phosphorylcholine
(MPC) copolymer was used to fabricate conduits of small diameter (1.3mm internal
diameter) [91]. Firstly, the surface of PEUU fibrous scaffold was aminated with amine
groups using radio frequency glow discharge in ammonia atmosphere. Following this,

the amine sites reacted with the carboxyl groups of the MPC polymer through
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condensation reaction to yield MPC functionalized PEUU fibrous scaffold. The MPC
modified conduits showed reasonable biological activities when exposed to ovine
blood since less platelet adhesion was observed compared to untreated conduits [86].
Another antithrombogenic polymer, (poly (2-methacryloyloxyethyl

phosphorylcholine-co methacryloyloxyethyl butylurethane) (PMBU) was bioinspired
by phospholipid and has been incorporated with PEUU to create small diameter blood
vessel (1.3 mm internal diameter, 300 um wall thickness and 500 nm average fibre
diameter). The PEUU/15 % PMBU blend demonstrated Young’s modulus, strain and
compliance of 3+1 MPa, 342+43 % and 4.4+1.1 X10* mmHg™!' which were greater
than that of pure PEUU (2+1 MPa, 388+58% and 2.9+ 0.6 X10* mmHg!. The blended
scaffold of PEUU/15 % PMBU inhibited platelet deposition as well as inhibited rat
smooth muscle cells growth in vitro (70-76% adhesion after 1day). On the other hand,
in vivo study replacing rat abdominal aorta with PEUU/15 % PMBU scaffold showed
that the fibrous scaffold only had a patency rate of 67% at 3 months. However, this
was still higher than that of pure PEUU (40%) [67].
2.1.5.3. Drug loadings

Scaffolds can be made to impart antithrombogenic properties via the use of
anticoagulants such as aspirin [97] and dipyridamole (DPA) [98].

Aspirin has been loaded in tubular fibrous scaffolds made of poly
(caprolactone), which in turn enhanced the mechanical properties compared to pure
fibrous scaffold of PCL, and decrease the aggregation of platelets, as shown in
Fig.2.14. The elastic modulus increased from 2.9+0.1 MPa for PCL fibres to 13+2

MPa for 10% aspirin loaded PCL fibres [97].
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Fig.2.14: Platelets adhesion on (a) pure PCL fibrous scaffold and (b) 10% aspirin
loaded PCL fibrous scaffold (reprinted from Ref.97).

In another study , the incorporation of dipyridamole (DPA) into
biodegradable elastic polyurethane urea (BPU) fibrous scaffold during electrospinning
of small-diameter blood vessel (1.5 diameter, 150um wall thickness, 520 + 100 to 650
+ 160 nm average fibre diameter) led to enhancement in both the biomechanical
properties and the biocompatibility. BPU+10% DPA provided tensile strength of
7.420.1 MP (versus 3.4 = 0.4 for pure BPU) and strain of 107+20 %. Additionally,
BPU+10% DPA inhibited platelets adhesion (Thrombin-antithrombin complex
concentration: 0.6 pg/mL against 1 ug/mL for pure BPU) and SMC cells proliferation
while it enhanced EC cells proliferation after 7 days culture [98].

2.1.6. Conclusion

Synthetic polymer, natural polymer and hybrid polymer-based scaffolds
have been intensely used for the fabrication of small-diameter blood vessels.
Electrospinning technique has advantages over other techniques used for the
fabrication of fibrous scaffolds because it has the ability to produce nanosized fibres
ranging from 50 to 500 nm in diameter. These fibre sizes are similar to that of natural

ECM of native blood vessels.
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Synthetic polymers demonstrate good biomechanical properties. The
mechanical properties as well as the cell responses of these fibrous polymeric scaffolds
vary based on the elasticity of the polymer, the thickness of the fibres and the treatment
employed before and after the fabrication including sterilization by a- or y- radiations.
Natural polymer have also contributed to the fabrication of small diameter blood
vessels demonstrating good biocompatibility. Hybridization of polymers provides a
strategy for the combination of good mechanical properties and cell interaction with
the scaffold materials. Several polymer blends whether synthetic polymer blends or
synthetic-natural polymer blends or natural polymer blends have all been employed
successfully for the fabrication of small diameter blood vessels.

In addition to the previous attempts, the incorporation of antithrombogenic
biomolecules such heparin and lecithin led to an enhancement in the overall properties
along with the suppression of platelet adhesion. Therefore, it is conceivable that a
match between a synthetic blood vessels and native blood vessels in terms of
mechanical properties and biological function can be achieved by appropriate

hybridization of polymers along with suitable antithrombogenic functionalization.
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Chapter.3

Materials and methods

3.1. Overview

This chapter discusses the materials and techniques used in the thesis. In a
brief description, elastic poly (styrene-butadiene-styrene) copolymer (65%:29.5%)
and nonelastic poly (styrene-butadiene-styrene) copolymer (70%:30%) copolymer
were electrospun with a ratios (SE:ON, 4E:1N, 3E:2N, 1E:1N, 2E:3N, 1E:4N, OE:5N)
in a mixture of tetrahydrofuran THF: N, N-dimethyl formamide DMF (70:30 v/v) to
obtain 17 wt% SBS concentration. Starch was sprayed over the aluminium foil prior
to electrospinning to facilitate detaching the electrospun fibrous scaffolds from the foil
by immersing the scaffolds on the foil in the water.

After that, the fibrous scaffolds were characterized by scanning electron
microscopy (SEM), Panalytical X pert Powder (XRD), Fourier transform infrared
spectra (FTIR), Thermogravimetric analysis (TGA), Differential scanning
calorimetry (DSC), Instron tensile tester, Contact angle and air permeability. Cell
culture were performed on the electrospun scaffolds using human umbilical vein
endothelial cells (HUVECsS). Then, the cellular attachments and proliferation were
investigated using MTS assay, scanning electron microscope (SEM) and Laser
scanning confocal microscopy (LSCM). Fig.3.1 shows a schematic diagram that

summarizes the experimental procedures used in this thesis.
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Elastic Poly (styrene-butadiene-styrene)
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Nonelastic Poly (styrene-butadiene-
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Fig.3.1: Schematic diagram showing the experimental procedures.
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3.2. Materials

Poly (styrene-butadiene-styrene) (SBS, KRATON® D 1102 B
Polymer with a polystyrene content of 29.5%) was purchased from Kraton Company
(United States), Poly (styrene-butadiene-styrene) with a polystyrene content of 30%,
tetrahydrofuran (THF), dimethylformamide (DMF) and ethanol were purchased from
Aldrich. Starch was purchased from Erawan marketing co LTD Bangkok, Thailand.
All chemicals were used as received. For cell culture, Phenazine methosulfate (PMS)
Phosphate buffer saline (PBS), paraformaldehyde were purchased from Sigma Aldrich
PTYLTD Castle Hill-NSW-Australia, MTS Reagent was purchased from promega
PTYLTD-South Sydney business hub-Alexandria-NSW-Australia and endothelial cell
growth medium 2 was got from Banksia scientific Co PTYLTD-Bulibmba-QLD-
Australia. Human umbilical vein endothelial cells (HUVECs) was obtained from
Promocell Company. Fetal bovine serum (FBS), Trypsin 0.25-EDTA, MEM
EARLES, Alexa Fluor® 568 Phalloidin and DAPI (4, 6-Diamidino-2-Phenylindole,
Dilactate) were purchased from Life Technologies Australia Pty Ltd.
3.3. Electrospinning of fibrous scaffolds
3.3.1. Solution preparation
Elastic SBS, nonelastic SBS-blended elastic SBS with ratios (4:1, 3:2, 1:1,
2:3 and 1:4) and nonelastic SBS are dissolved in a mixture of tetrahydrofuran THF: N,
N-dimethyl formamide DMF (70:30 v/v) to obtain 17 wt% SBS concentration. The
dissolution process is performed at room temperature using magnetic stirrer.
3.3.2. Electrospinning
SBS solution is filled out in a plastic syringe with stainless steel needle
with 0.5 inner diameter. Electrospinning is conducted with an applied electric field of
20 kVem'! keeping constant the needle to collector distance at 17 cm. The polymer
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solution is fed at rate of 3 ml/h using syringe pump and the electrospun fibres are
collected on rotating drum. The average humidity and temperature during experiments
are 36 % and 20 °C. To fabricate tubular fibrous scaffolds, 5 mm diameter stainless

steel rod was used as collector.

Stainless

Fibrous scaffold steel rotating

Polymer

Needle

/

Syringe pump

High voltage

Fig.3.2: Shows the electrospinning process.
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Fig.3.3: Shows images of electrospinning setups: (a) electrospinning setup to fabricate
nanofibrous sheet (b) electrospinning setup to fabricate tubular fibrous scaffold with

5 mm diameter.

3.4. Scaffold characterization

3.4.1. Morphological characterization

Scanning electron microscope can image the surface of a specimen by
scanning it through high energy beam of electrons. The beam of electron is produced
by an electron gun. The electron beam travels through vertical pathway in the

microscope in a vacuum atmosphere. The beam is focused by electromagnetic fields
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and lenses toward the specimen. The sample emits signals once is bombarded by the
beam of electrons. The signals include secondary electrons, backscattered electrons,
and characteristics x-ray, and light, specimen current and transmitted electrons.
Secondary electrons and bespattered electrons are used to image the samples.
Fig.3.4 illustrates the working mechanism of SEM. Electrospun fibre mats are coated
with gold using magnetron sputter and their morphology is investigated using scanning

electron microscopy with a voltage of 5 kV.

Electron gun

Electron beam

Magnetic

i

Scanning coil

Backscattered

electron detectors

Stage
Secondary

electron detector

Sample

Fig.3.4: schematic diagram of electron microscopy.
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3.4.2. Pore size and pore distribution

Electrospun fibrous scaffolds were punched into 14 mm diameter pieces for
porometery measurements. A quantachrome porometer was used to measure pore size
and pore distribution. Porofill was used as a wetting solution in porometery
measurements. Fig.3.5 represents the porometer used in this study. The test is repeated

three times for each sample.

o Control pressure line

Flow sensing o T ey 4\ o Pressure sensing line
l "

Pressure sensing o
0 Sample holder

Pressure control o

"
s

S — o Sample holder block
( contalns gas/ liquid separator )

Fig.3.5: represents quantachrom porometer used in this study.
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3.4.3. Chemical composition and Crystallographic characterization

3.4.3.1. X-ray diffraction (XRD)

X-ray diffraction is a non-destructive technique that is used to obtain
information about the chemical composition, crystallography and physical properties
of a material. The working mechanism of XRD is based on illuminating a sample with
electromagnetic waves that has wavelength as similar as the atoms (1A°). The x-ray
beams consists of a bundle of waves that can interact with each other producing
interference. The waves of x-ray beam can also react with the atoms producing
interference. The interference happens at a particular angle from the atomic planes.
The resulted scattering is signature of a crystal structure. Bragg’s law is applied on the
interference resulted from the incident rays and scattered rays of every atom in the

crystal structure.

Where n is any integer, A is the wavelength of the incident x-ray beam, d is the distance
between the atomic layers of a crystal structure, and 0 is the angle of an interference
resulted from incident x-ray beam and scattered x-ray beam. Fig shows a schematic
illustration of Bragg’s law. In this study, the crystallography of the fibrous scaffolds

are characterized by Panalytical X’pert Powder (XRD).
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Atomic-scale crystal lattice planes
—

Fig.3.6: schematic diagram of theory of Bragg’s law.
3.4.3.2. Fourier transform infrared spectra (FTIR)

FTIR is used in analytical or physical chemistry to identify a material
through the spectrum that emits or absorbs. The spectrum is the result as a function of
wavelength. FTIR spectrum of the fibrous scaffolds are measured using a Bruker
VERTEX 70 instrument in ATR mode at a resolution of 4 cm™' accumulating 32 scans.
The spectra were obtained within 32 scans at 4cm™ resolution. All tests were
performed in a controlled environment (20+2°C and 65+2% relative humidity).

The data were analysed using opus 5.5 software.

62



Chapter three Materials and methods

Fig.3.7: PIKE pressure clamp mounted on ATIR mode.

3.4.4. Thermal characterization

3.4.4.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) analysis were performed for the fibrous
scaffolds with a Mettler Toledo TGA/STDAS851. The fibrous scaffolds were put in
a ceramic pan and the test is carried out in air flow at a heating rate of 10 °c/min. the
loss of the mass against temperature chart was got to identify any distinct peaks during

decomposition.
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Fig.3.8: Shows TGA instrument composed of furnace that heat crucible.

3.4.4.2. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry was carried out using a Mettler Toledo
DSc821 with star software version 9. Samples of the fibrous scaffolds with 5 mg
weight were placed in aluminium pan with 13 mg weight. The instrument is adjusted
to alternating DSC mode. The measurements occurred at heating rate 10 °C/min in
a nitrogen atmosphere. Prior to performing the experiments, the samples were dried in
a vacuum for 72 h at room temperature in the existence of phosphorous pentoxide.
The thermal properties were measured and analysed from the first scan. Fig a, b show

the DSC instrument with the entire furnace.
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Control Panel

Reference Pan

Fig.3.9: Shows DSC instrument composed of furnace that heats sample.
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3.4.5. Contact angle measurements

Water contact angles were recorded using a KSV model CAM101 contact
angle meter (KSV instrument Ltd, Finland, Fig.3.10). Static sessile drop method is
utilized to measure water contact angle of the electrospun fibre mats. The fibrous
scaffolds were cut into 1x2 cm and fixed on glass slides. Water drops (2 uL) are
deposited on the surface of the electrospun fibre mats by a syringe (0.71 mm diameter)
and the image were taken at rate 30 frame per second after deposition onto sample
surface. Water drops images were captured by an Olympus DP70 high resolution
microscope. Then, the contact angle is determined by software. The test is repeated 3
times for each sample. All tests were done in a controlled atmosphere (20+2 °C and

652 % humidity).

Fig.3.10: shows CAM 101 KSV Contact Angle Meter.
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3.4.6. Air permeability measurements
Air permeability tests were carried out on samples of the electrospun fibre
mats using FX3300 air permeability tester with the aperture number 5 under 98

Pa according to the standard (SIST EN ISO 9237-1999) as shown in Fig. The test is
repeated 5 times for each sample. All tests were done in a controlled atmosphere

(2042 °C and 65+2 % humidity).

Fig.3.11: FX3300 air permeability tester.
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3.4.7. Mechanical characterization

Mechanical tests were carried out on rectangular samples of the
electrospun fibre mats with an area of 10x20 mm and a thickness of 200 pm using
Instron tensile tester at a test rate of 10 mm/min on 100 N load cell. Load-unload test
was also performed for the samples at 10 % strain. In case of load-unload tests, the
area under the hysteresis is calculated and demonstrated the dissipated energy.
The test is repeated 3 times for each sample.

Load Cell
Control Panel

i | Control Panel i', '

Il

Fig.3.12: shows instron 30 KN tensile tester.
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3.5. Cell culture related techniques

3.5.1. Plasma treatment of fibrous scaffolds

A lab-scale air plasma system was used to treat the fibrous scaffolds. The
energy applied was 30 W. Each sample was treated from both front and rear surfaces

separately for 5 min. Fig.3.13 shows the air plasma chamber used to treat the samples.

Fig.3.13: Air plasma technique.

3.5.2. Sterilization of SBS fibrous scaffolds

All samples in this work used for cell culture were sterilized using ethanol
70% and UV. They are firstly put individually in 24 well tissue culture plates and
washed for 30 min in 70% ethanol on an orbital shaker and then washed for second
time in 70% ethanol on the shaker for 24 h. Then, they are rinsed for 5 min in 70%
ethanol on the shaker. Eventually, they are washed three times by PBS and irradiated
with UV for 1 h before cell culture.
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3.5.3. in vitro endothelial cells (ECs) culture

Human umbilical vein endothelial cells (HUVECs) were cultured in
human endothelial cell growth medium 2 supplemented with 0.02 ml/ml Fetal calf
serum, 5 ng/ml epidermal growth factor (recombinant human), 10 ng /ml basic
fibroblast growth factor (recombinant human), 20 ng/ml insulin-like growth factor
(Long R3IGF), 0.5 ng/ml vascular endothelial growth factor (recombinant human),
Iug /ml ascorbic acid, 22.5 pg /ml heparin and 0.2 pg /ml hydrocortisone at room
temperature and then incubated in the humidified incubator at 37 © C with 5 % CO..
Medium was replaced every 2 days. When the cells reached confluence, they are
subcultured. Subculture of the cells was carried out using PBS to wash the cells. Then
trypsin was used to detach the cells from the T75 flask and then equal volume of media
is added to inactivate the trypsin. After that, PBS was used to wash the remaining cells
in T75 flasks and collected with trypsin and media. Then, the solution is centrifuged
at 220 rcf for 5 min. After centrifugation, the resulted pellets were suspended in 1 ml
media. Specific number of ECs was required for various studies. In order to do that,
cells were counted using haemocytometer and trypan blue. The basic idea of this
method is that alive cells become shiny and clear under optical microscope because
they did not absorb trypan blue while dead cells become blue because they absorb
trypan blue. The solution is made up from 10 ul cell suspension and 10 ul trypan blue.
Then, 10 pl from this solution is pipetted onto a haemocytometer and covered with
coverslip on place. Every square of the haemocytometer represents a volume of 1ml.
The cells of the four corner squares are counted and the cell number in the cell
suspension is calculated based on the following formula:

Cell number/ml=the average count per square x dilution factorx10*

70



Chapter three Materials and methods

3.5.4. Seeding fibrous scaffolds with ECs

1X10* cells in a volume of 50 ul of cell suspension was seeded onto the
sterilized fibrous scaffolds in 24 well tissue culture plates. After 3 h, 950 ul of ECs
media was added to each well containing the fibrous sacffolds. Then, the seeded
samples were incubated for 3h, 3days and 7days in a humidified incubator with 5%
CO: and 37 °C. The media is changed every 2 days. The number of cells attached to

the fibrous scaffolds was measured by MTS assay that is described later.
3.5.5. Cytotoxicity

Fibrous scaffolds were soaked in 1 ml of human umbilical vein endothelial
cells and incubated for 3h, 3days and 7days in a humidified incubator with 5% CO»
and 37 ©C. After that, the fibrous scaffolds were removed from the media within the
time points 3h, 3 days and 7 days. The media is then used to grow human umbilical
vein endothelial cells in a 24 well tissue culture plates using a calculated density of
2X10* cells/well for 3 days. The number of cells after 3days were measured by MTS

assay that is described later.
3.5.6. MTS assay

MTS assay is a colorimetric method to measure cell proliferation.
The working mechanism of MTS assay is that MTS tetrazolium compound reacts with
cells and is reduced to colour formazan compound that is soluble in cell culture media.
Live cells only are capable of such reaction as they contain dehydrogenase enzymes
to cleave the formazan. The colour is detected in density to determine the live cell
number. During the culture period, fibrous scaffolds at different time setups were
collected for MTS assay. The fibrous scaffolds were rinsed with PBS to detach dead
cells and were then transferred to new 24 well culture plates with 300 ul phenol red

free media and 100 pl of MTS solution for 1 h in 37 °C incubator. After 1 h of
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incubation, 100 pl of the mixture was collected to measure the absorption at 490 nm
on a microplate reader. MTS standard curves were setup to convert absorbances
obtained from the assay to cell number. The absorbances were calculated by
subtracting the zero wells (phenol red free media) from all of the other records. The
cell number attached to the fibrous scaffolds were calculated on the basis of the
standard curves. All the cell culture experiments were performed in triplicate and

presented in the form of averages and standard deviations.
3.5.7. Preparation of EC seeded scaffolds for characterization

The fibrous scaffolds were fixed in 4% paraformaldehyde overnight. Then, it
was washed by PBS three times to remove the remaining of paraformaldehyde. Finally,

it was stored in PBS in a fridge for further use.
3.5.7.1. SEM

The fibrous scaffolds were washed by deionized water to remove PBS. Then,
it was washed by a series of ethanol starting from 40 % up to 100 %. After that, it is
kept to dry in a fume hood overnight. Finally, it was coated with gold for investigation

under SEM.

3.5.7.2. LSCM

Laser scanning confocal microscopy (LSCM, Leica TCS SP5, and
Germany) equipped with argon (458 nm, 476 nm, 488 nm, 496 nm and 514 nm) and
405 Diode (405 nm) lasers was used to investigate the fibrous scaffolds containing
endothelial cells. The fixed cells on fibrous scaffolds were stained with Phalloidin
Alexa 568 (dilution ratio 1:100, invitrogen) for 1h and with DAPI (dilution ratio of
1:100, invitrogen) for 10 min at room temperature. Then, the fibrous scaffolds are
rinsed in PBS three times to remove the remaining of the fluorescent dyes. The fibrous

scaffolds were imaged under confocal microscope (Fig.3.14). The excitation
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wavelengths of DAPI and Phalloidin are 358 nm and 578 nm respectively. The

emission wavelengths of DAPI and Phalloidin are 461 nm and 600 nm respectively.

Fig.3.14: Laser scanning confocal microscopy.

3.6. Statistical analysis

Values (at least triplicate) were averaged and shown as means * standard
deviation (SD). Every experiment was carried out three times. Statistical analysis was
performed for ECs attachment and proliferation using one-way anova test by SPSS for

windows (SPSS Inc., copyright 1989-2002) version 11.5.0.
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Chapter.4

Preparation and characterization of SBS fibrous scaffolds

4.1. Overview

Tissue engineering research has played a major role in regenerating,
maintaining and improving the function of the organs that have degenerated or are
influenced by pathological conditions [99]. Polymer-based scaffolds can be used in
tissue engineering applications with polymer selection based upon the desired physical

and chemical properties [100].

In this sense, musculoskeletal tissue engineering such as skeletal muscle
[101], ligaments and tendons [102] and blood vessels [103] need biocompatible
scaffolds that are mechanically compliant, and able to contract and dilate by external
stimulus. Therefore, the mechanical properties of the scaffold are important in

simulating native tissue repair and contribute to the regeneration of the tissue [104].

Thermoplastic elastomers like Styrene-butadiene-styrene (SBS) have been used
in many industrial applications due to its excellent strength following repetitive
deformation [105, 106]. Tailoring the molecular structure of SBS and its morphology
permits us to tune its mechanical properties from a thermoplastic elastomer to a tough

thermoplastic [107, 108].

SBS copolymer synthesis has been attempted for tissue engineering
applications and has been patented with similarities to polyurethane as a candidate for
artificial organs [109]. Various studies indicate that SBS has a large elongation at break

(1200 %) [106, 108] enabling it to withstand deformation. Blood vessel scaffolds
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require a polymer that is able to contract and dilate according to blood cycles without

permanent deformation. In this regard, some studies about SBS are described below.

SBS is commercially available with a triblock structure of styrene and
butadiene under the trade name Kraton (Kraton, Houston, TX). SBS is not
biodegradable but it is bioresorbable when functionalized [109]. SBS has been
absorbed in vivo through phagocytosis [110]. Biodegradation of SBS can be inferred
by graft copolymerization [111, 112]. SBS cannot be sterilized by heat or steam due
to its low glass transition temperature. Even so, various schemes of sterilization are
employed for SBS including ethylene oxide gas, gamma radiation and electron beam
sterilization [113].

SBS is naturally hydrophobic and the surface energy can be modulated using
copolymerization and irritation. Therefore, the biocompatibility of SBS can be
enhanced in terms of cytotoxicity [114, 115] and hemocompatibility [116].
SBS has a high electrical resistance and therefore a low dielectric loss. This makes
SBS suitable for blending, copolymerization and crosslinking to biodegradable
polymers using electrospinning [117, 118]. Various systems of blending SBS with
biodegradable polymers are reported including chitosan [114], alginate, poly (y-
glutamic), polyaspartic acid, poly (vinyl alcohol) [119], and polycaprolactone [117].

SBS scaffolds have been prepared using electrospinning with nonwoven
structure  [120]. It has been electrospun to both random and aligned orientation.
Two type of SBS with styrene to butadiene ratios of 80:20 and 60:40 have been used
resulting in different mechanical properties. The highest butadiene ratio demonstrated
lower elongation at break with a value of 382+75 %, compared to 442+85% for the
lower butadiene ratio. SBS fibrous scaffolds showed hydrophobic nature with water

conact angle value 135°. Incorporation of carbon nanotubes (CNT) with SBS fibres
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led to an increment of the mechanical properties. The elongation at break of 80%
butadiene increased up to 501£80% while the 60% butadiene increased up to

1480£155%.

Triazolinediones (TAD) has been used to tailor the thermal and mechanical
properties of SBS, resulting in an elongation at break from 90 to 700% and modulus
from 100 to 120 KPa depending on the TAD ratio. The glass transition temperature of
unmodified SBS and TAD modified SBS are 15 and 39 °C respectively [108].

Epoxidation with peroxyboric acid may be used to enhance SBS
wettability and protein adsorption. Using this method, elongation at break decreased
and strength increased; the tensile strength and elongation for SBS treated for 60 min
, 90 min , and 120 min were 0.25MPa, 0.46MPa, 0.68MPa and 863%,648%, 626%

respectively [121].

In this chapter, the synthesis of SBS fibrous scaffolds, morphology,
surface chemistry and mechanical properties were studied. To the best of our
knowledge, we have, for the first time, tailored the mechanical properties of SBS
fibrous scaffolds without changing its chemical compositions through blending

nonelastic SBS to elastic SBS during the electrospinning process.

4.2. Experimental procedures

Elastic SBS, nonelastic SBS and nonelastic-elastic SBS blend have all been
electrospun. The electrospun fibrous scaffolds were characterized using different
techniques such as SEM, XRD, FTIR, TGA, DSC, tensile testing, wettability and air

permeability. Detailed description of materials and method are found in chapter three.
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4.3. Results and discussion

4.3.1. Morphology of SBS fibrous scaffolds

The morphology of the electrospun polymer fibres is affected by many
processing parameters including initial polymer solution ( solvent properties,
concentration of polymer solution, and molecular weight of a polymer), control of jet
formation, and solvent evaporation ( flow rate of a polymer, inner diameter of a needle,
temperature and applied voltage), and collection set-ups that control random or
oriented fibres [122,123].

For the sake of obtaining uniform SBS fibrous scaffolds, elastic SBS
polymer was electrospun to different polymer concentration, from 12 wt% to 17 wt %.
Fig.4.1a-d shows SEM images of elastic SBS electrospun at different concentrations
from12 wt %-15wt % leading to fibrous structure at 15 % but not uniform enough with
some beads. To enhance the electrospinnability of 15 wt% polymer solution,
the electrospun parameters were changed as shown in Fig.4.2, NaCl was added to
15 wt% as shown in Fig.4.3. However, these attempts did not lead to uniform fibrous
structure of 15w%. Therefore, SBS polymer was electrospun with 17 w% which led

to uniform fibrous structure without beads as shown in Fig.4.4.
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Fig.4.1: SEM images of electrospun elastic SBS at different concentrations:
(a) 12 wt%, (b) 13 wt% , (c) 14 wt%, (d) 15 wt%, rate of Sml/h , voltage of 25 KV,

and distance of 13 cm.
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Fig.4.2: SEM images of elastic SBS electrospun with 15 wt% at different parameters:
(a) 15 wt% SBS at d=12 cm and V=22 KV, (b) 15 wt% SBS at d=12 cm and V=25

KV, (¢) 15 % SBS at d=20 cm and V=22 KV and (d) 15 wt% SBS at d=30 cm and

V=25 KV.
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Fig.4.3: SEM images of elastic SBS electrospun with 15 wt % added NaCl at

(a) 0.5 mg, (b) Img and (c) 2 mg, d =12 and voltage=22KV.
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Fig.4.4: (a) macroscopic image of elastic SBS fibrous scaffolds electrospun with
17 wt% (a, b) SEM images of elastic SBS electrospun with 17 wt% at d=17 cm,

rate=3 ml/h, and voltage=20 KV at different magnification.
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Fig.4.5 (a-g) shows the morphology of the elastic SBS, nonelastic SBS-
blended elastic SBS and nonelastic SBS. Since 17 w% of SBS led to uniform fibrous
scaffolds, nonelastic SBS was blended with elastic SBS at this concentration.
Fig.4.5a-g shows that all the fibrous scaffolds are uniform without any beads.
The fibre diameters are calculated for all of the fibrous scaffolds as shown in Fig.4.6;
leading to mean fibre diameter of 2 pm. It is to note that the average fibre diameter

of electrospun SBS was reported before of the value of 2.5 um [106] and 4.6 um [120].

Fig.4.7 shows the distribution of the fibre diameter in the fibrous
scaffolds. The fibres of 0 to 1.5 um diameter account for 60%, the fibres of 1.5 to
3 um diameter account for 70% , the fibres of 3 to 4.5 um diameter account for 20 %

and the fibres of 4.5 to 6 um diameter account for 15 %.
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Fig.4.5: SEM images of (a) elastic SBS, (b-f) elastic SBS to nonelastic SBS (4:1, 3:2,
1:1, 2:3, 1:4) and (g) nonelastic SBS fibrous scaffolds electrospun with 17 wt% at

d=17 cm, rate=3 ml/h, and voltage=20 KV respectively.
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Fig.4.6: Average fiber diameters of elastic SBS, elastic SBS to nonelastic SBS
(4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds electrospun with 17

wt% at d of 17 cm, rate of 3 ml/h, and voltage of 20 KV, respectively.
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Fig.4.7: Fibre diameter distribution of elastic SBS, elastic SBS to nonelastic SBS
(4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds electrospun with

17 wt% at d of 17 cm, rate of 3 ml/h, and voltage of 20 KV, respectively.
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4.3.2. Pore size and pore distribution of SBS fibrous scaffolds

For tissue engineered scaffolds, it was found that microporous or
nanoporous structures of the interconnected pores could facilitate the transport of
nutrients as well as the exchange of gases which in turn help cellular growth and
regeneration of tissues [124]. Pore size and pore distribution analysis were
characterized using an automated capillary flow porometer and the results are shown
in Fig.4.8 and Fig.4.9. It is clear that the pore size distribution is between 6 um to 9

um with an average pore diameter of 8+0.01 um.
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Fig.4.8: Pore distributions of elastic SBS, elastic SBS to nonelastic SBS (4:1, 3:2,
1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds electrospun with 17 wt% at

d=17 cm, rate=3 ml/h, and voltage=20 KV respectively.
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Fig.4.9: Average pore size of elastic SBS, elastic SBS to nonelastic SBS (4:1, 3:2,
1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds electrospun with 17 wt% at

d of 17 cm, rate of 3 ml/h, and voltage of 20 KV , respectively.
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4.3.3. Surface analysis of fibrous scaffolds

4.3.3.1. XRD measurements

Fig.4.10 shows the XRD chart for the elastic SBS, nonelastic SBS-blended
elastic SBS, and nonelastic SBS fibrous scaffolds. It is quite clear that the composition
of the elastic SBS did not change after blending with nonelastic SBS. Fig.4.10 shows
two peaks, one at 26=10° and the other at 20=20°. Glassy atactic polystyrene usually
shows a scattering peak at 10° along with the main amorphous halo at 20° [122].
Amorphous polybutadiene shows a single peak at 19.5° [123]. XRD chart is consistent

with the mixture of polystyrene and polybutadiene.
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Fig.4.10: XRD curve for the elastic, elastic to nonelastic (4:1, 3:2, 1:1, 2:3 and 1:4)

and nonelastic fibrous scaffolds.
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4.3.3.2. FTIR measurements

An FTIR infrared spectrum is a chemical fingerprint of a sample,
providing with absorption peaks, which match the frequencies of vibration of the
bonds between the atoms that compose the material. Since every material has unique
arrangement of atoms, no two materials can produce the same infrared spectra.
Therefore, infra-red spectra can result in qualitative analysis and quantitative analysis
as well because the size of the peaks indicate the amount of material used.
FTIR was performed on elastic SBS, nonelastic SBS blended elastic SBS with ratios
(4:1,3:2, 1:1, 2:3 and 1:4) and nonelastic SBS. Butadiene segments inside the fibrous
scaffolds give CH peak at 1449 cm™, C=C peak at 964 cm™, =CH stretching peak at
3005 cm! and C-H stretching peak at 2916 cm™ and 2844 cm™ [125,126].
Styrene segments inside the fibrous scaffolds gave C-H peak at 3060 cm™' and aromatic
C-C stretching peak at 1601 cm™ (fig.4.11;[126, 127] It is clear that mixing nonelastic
SBS with elastic SBS did not change the FTIR response which in turn indicate the

chemical composition is stable.
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Fig.4.11: FTIR curve for the elastic, nonelastic SBS blended elastic SBS with ratios

(4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds.
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4.3.4. Wettability of fibrous scaffolds

Surface wettability is an important property in tissue engineering field
which contribute towards the substrate biocompatibility [128]. SBS fibrous scaffolds
demonstrate hydrophobic properties with an average water contact angle (WCA) value
of 117 ° for elastic SBS and 115 ° for nonelastic SBS. The average value of WCA for
the mixed ratios of elastic SBS and nonelastic SBS varies and it does not depend on

elasticity, rather, it relates to the topology of the fibrous scaffolds (fig.4.12; [30]).
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Fig.4.12: Water contact angle measurements (WCA) of elastic SBS, nonelastic SBS
blended elastic SBS with ratios (4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous

scaffolds electrospun with 17 wt% respectively.
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4.3.5. Air permeability of fibrous scaffolds

Air permeability test was carried out to find whether SBS fibrous
scaffolds are permeable to air or not because this property is important for nutrients
infiltration for cells when cell culture is performed. Air permeability test demonstrated
that the SBS fibrous scaffolds are all permeable to air regardless of elasticity.
Elastic SBS showed an average air permeability value of 2.7 + 0.6 cm*/cm?/s, while

nonelastic SBS showed an average value of 3.5 + 0.3 cm?®/cm?/s as shown in fig.4.13.
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Fig.4.13: Air permeability curve of elastic SBS, nonelastic SBS-blended elastic SBS
with ratios (4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds electrospun

with 17 wt%, respectively.
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4.3.6 Thermal analysis of fibrous scaffolds

4.3.6.1. Thermogravimetric analysis (TGA)

Fig.4.14 illustrates the TGA curve of the elastic SBS, nonelastic SBS-
blended elastic SBS and nonelastic SBS. The melting temperature for all of the fibrous
sacffolds was approximately 500 °C. TGA result confirms the XRD result in relation

to the unchanged chemical composition of elastic SBS after blending with nonelastic

SBS.
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Fig.4.14: TGA curve for the elastic SBS, elastic SBS to nonelastic SBS with ratios

(4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds.
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4.3.6.2. Differential scanning calorimetry (DSC) analysis

Fig.4.15 illustrates the DSC curve of the elastic SBS, nonelastic SBS -blended
elastic SBS and nonelastic SBS. The glass-transition temperature of the whole
scaffolds was approximately 400 °C. DSC result agrees with both XRD and TGA
regarding the stability of the chemical composition of elastic SBS after blending with

nonelastic SBS.
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Fig.4.15: DSC curve for the elastic, elastic to nonelastic (4:1, 3:2, 1:1, 2:3 and 1:4) and

nonelastic fibrous scaffolds.
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4.3.7. Mechanical properties of fibrous scaffolds

Mechanical properties of synthetic blood vessels are rather important
since it affects the mechanical match with the native blood vessels. Fig.4.16 illustrates
the strain-stress curve of elastic SBS, nonelastic SBS-blended elastic SBS with ratios
(4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds. The results showed
that elastic SBS fibrous scaffold has the highest strain % of 916.23+ 0.84 %. Blending
nonelastic SBS to elastic SBS fibrous scaffold decrease the strain up to
616.99+ 0.44 % in case of the ratio 1:4. Elastic SBS fibrous scaffolds have been shown
to exhibit high strain (%) compared to any synthetic fibrous scaffolds reported so far
[106]. Table.4 shows the mechanical properties obtained for elastic SBS, nonelastic
SBS-blended elastic SBS and nonelastic SBS fibrous scaffolds electrospun with 17
wt%. Fig.4.17 demonstrates that strain (%) increased as the increase of elastic SBS
ratio to nonelastic SBS ratio in the scaffolds. For example, Strain (%) of nonelastic
SBS is 204.02+ 0.01 while it is 889.59+ 0.17 in case of elastic SBS to nonelastic SBS
(1:4).

The mechanical hysteresis is calculated by the area under the curve of
each loading-unloading cycle. The dissipated energy is proportional to the deformation
and decrease as the number of cycles increase. Elastic SBS with low butadiene content
demonstrated a narrow hysteresis compared to nonelastic with the higher butadiene
content (0.7385 MJ/m? for elastic against 0.8284 MJ/m? for nonelastic) (fig.4.22).
Note that, this behaviour has been previously reported for SBS copolymer [120].

For all of the samples, the hysteresis decrease for the first two cycles and
then becomes constant for the rest of the cycles, similar to the reported behaviour for

styrene-butadiene obtained in solvent casted or extruded films [120].
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This phenomenon is known as Mullins effect and occurs due to the rearrangement of

the macromolecular network [129].
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Fig.4.16: Strain-stress curve of elastic SBS, nonelastic SBS-blended elastic SBS with
ratios (4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS fibrous scaffolds electrospun with

17 wt% respectively.
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Fig.4.17: Strain %-elastic % of elastic SBS, nonelastic SBS-blended elastic SBS and

nonelastic SBS fibrous scaffolds electrospun with 17 wt% respectively.
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Table.4: shows the averaged values of tensile modulus, tensile stress and tensile strain

of elastic SBS, nonelastic SBS-blended elastic SBS with ratios (4:1, 3:2, 1:1,

2:3 and 1:4) and nonelastic SBS fibrous scaffolds.

Sample Tensile modulus (MPa) Tensile stress (MPa) Tensile strain (%)

E 0.162 +0.04 0.95+£0.22 916.23+ 0.84
E:N (4:1) 0.16 £0.01 1.08 £0.03 889.59+0.17
E:N (3:2) 0.07 £0.01 0.66 £ 0.07 867.32+£0.84
E:N (1:1) 0.06 +0.01 0.35+0.30 875.16 £ 0.68
E:N (2:3) 0.04 +0.01 0.01£0.00 811.52 £1.45
E:N (1:4) 0.03 £0.01 0.01+0.00 616.99+ 0.44
NE 2.69 £3.07 0.01+0.00 204.02+ 0.01
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Fig.4.18: load-unload stress-strain curve of elastic SBS, nonelastic-blended elastic

SBS (4:1). 5 cycles for maxim strain 10% is shown.
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Fig.4.19: load-unload stress-strain curves of nonelastic-blended elastic SBS (3:2 and

1:2). 5 cycles for maxim strain 10% is shown.
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Fig.4.20: load-unload stress-strain curves of nonelastic-blended elastic SBS (2:3 and

1:4). 5 cycles for maxim strain 10% is shown.
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Fig.4.21: load-unload stress-strain curves of nonelastic SBS. 5 cycles for maxim

strain 10% is shown.
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Fig.4.22: (a) Comparison of load-unload curves for elastic SBS, nonelastic SBS-
blended elastic SBS (4:1, 3:2, 1:1, 2:3 and 1:4) and nonelastic SBS at 10 % strain

(b) Mechanical hysteresis-load-unload cycles curve.
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4.4. Conclusion

SBS fibrous scaffolds have been fabricated through simple and
non-expensive technique such as electrospinning. Nonelastic SBS is blended to elastic
SBS with 17 wt% which led to uniform fibrous scaffolds with ratios (5:0, 4:1, 3:2, 1:1,
2:3, 1:4 and 0:5). Uniform fibrous structures have been obtained with 17 wt % and the
average fibre diameter of SBS scaffolds is 2 um. The chemical composition of SBS
remained stable after blending. Chemical composition, crystallography and thermal
properties of the SBS blend is similar to pure elastic and nonelastic SBS fibrous
scaffolds. The SBS fibrous scaffolds have an average pore size of 7.62217+0.0788 um
and it is permeable to air. Mechanical properties of fibrous scaffolds could be tuned
by blending elastic SBS to nonelastic SBS with the highest strain % of 916.23+0.84%

achieved in elastic SBS.

104



Chapter five Endothelialisation of SBS fibrous scaffolds

Chapter.5
Endothelialisation of SBS fibrous scaffolds

5.1. Overview

Many studies have been attempted using electrospun nanofibres as
tissue engineering scaffolds. In most of these trials, synthetic polymers such as poly
(caprolactone) (PCL), polyurethane, poly (L-lactide) (PLA) and poly (glycolide)
(PGA) were widely used [32-46]. On the other hand, natural polymers such as
collagen, silk protein, elastinmimic peptide and fibrinogen have also been used [46-
53]. Synthetic polymers have good mechanical properties. However, they lack cell-
recognition signals, which can be found in natural polymers. But, natural polymers
lack good mechanical properties. Therefore, Blending natural polymer with synthetic
polymers or blending synthetic polymers or blending natural polymers could be
a solution for this problem [54-62].

In this chapter, endothelialization of SBS fibrous scaffolds is performed.
ECs attachment, ECs proliferation and cellular morphology are studied. To the best of
our knowledge, this is, the first time, the interaction of ECs with SBS fibrous scaffolds

has been investigated.
5.2. Experimental procedures

SBS fibrous scaffolds were in vitro tested using ECs. ECs attachment,
proliferation and morphology were studied by MTS assay, SEM and confocal

microscopy. Detailed description of materials and methods is found in chapter three.
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5.3. Results and discussion
5.3.1. Surface wettability of SBS fibrous scaffolds after air plasma

treatment.

SBS fibrous scaffolds are naturally hydrophobic with high contact angle
as shown in table.5.1. Therefore, it is treated by air plasma to make it wettable to help
the cells to easily attach to its surface and infiltrate the porous structure of SBS
scaffolds. The usefulness of air plasma treatment is confirmed by WCA measurements.
Table.5.1 shows the contact angles of SBS fibrous scaffolds before and after air plasma
treatment for 5 min as well as after aging the fibrous scaffolds for 24h. Although the
fibrous scaffolds showed high contact angles before air plasma treatment, they became
highly wettable after treatment with contact angle of 0 °. The drop was fully absorbed
by the fibrous scaffolds when tested after 3 sec. However, the fibrous scaffolds tended
to return to their hydrophobic nature after 24 h. therefore, the in vitro cell culture has
been carried out before 24 h.

The difference in wettability of the SBS fibrous scaffolds before and after
the air plasma treatment can be explained as the following. Surface roughness affects
the water contact angle of a solid surface in such a way: if a material is hydrophobic,
the water cannot penetrate the fibrous structure of the material and can be considered
as adsorbing on a semi-solid surface or semi-air plane surface. This will lead to a high
contact angles. Conversely, after air plasma treatment, the water can adsorb and
penetrate the fibrous structure of a hydrophobic material forming partly solid and
liquid surface. This will lead to a low contact angles [130]. It is clear that SBS fibrous
scaffolds obtained a big improvement after air plasma treatment from hydrophobic to

hydrophilic which help cells to attach and penetrate their fibrous structures.
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Table.5.1: Water contact angles of SBS fibrous scaffolds measured within 3 sec and

aged for 24h.
WCA/degree
Samples
Without plasma Aftgr 3 sec with 5 Greater than
tthout plas min treatment 3 sec with Aged for 24 h
treatment .
5 min treatment
T 70.93167+21.0781
E 116.686+0.04759 : 0+0
64.258+13.53817
E:N (4:1) 86.72394+0.07905 0+0 92.951+£5.264528
83.26667+9.111834
E:N (3:2) | 90.37433+0.03401 0 0+0
116.2344+£8.551081 | 100.34+ 15.86014 107.0577+4.075522
E:N (1:1) 0+0
71.858+22.95146 101.303+3.872871
E:N (2:3) 101.7515+0.04852 0+0
96.61767+3.302049
E:N (1:4) 105.3901+£0.06422 0 0+0
101.2655+16.23588 112.2903+6.300823
NE 114.4733+£0.07417 0+0

5.3.2. ECs Cytotoxicity evaluation of SBS fibrous scaffolds.

The relation between SBS fibrous scaffolds and ECs cells has been

investigated in terms of biocompatibility, especially because, to the best of our

knowledge, ECs in vitro cell culture for SBS fibrous scaffolds has not been carried out
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before. However, in vitro studies of SBS scaffolds with other cells have been
conducted with contradictory results: some denote a strong cytotoxic effect [131] and
others not [132]. Cytotoxicity study is considered as a basic step to evaluate the
biocompatibility of a material for tissue engineering applications and point out the
suitable material for successful in vitro study. To determine the influence of SBS
fibrous scaffolds extract medium on the metabolic activity of ECs, MTS assay was
performed after culturing for 3 days in extract media of 3h, 3days and 7days (fig.5.1
to fig.5.3) and the morphology of ECs after toxicity study was studied by optical
microscope (fig.5.4 to fig.9). According to ISO standard 10993-5, the material is
considered cytotoxic if there is a reduction of cell viability by 30% [120]. It is obvious
from MTS assay study that SBS fibrous scaffolds showed cell numbers comparable to
the positive control and there was no difference in cell number between the extract
media of various time points. This indicates that SBS fibrous scaffolds are not
cytotoxic to ECs.

The morphologies of ECs cultured for 3h in the extract media of 3h,
3days and 7days of SBS fibrous scaffolds and incubated for 3 days in the extract media
of 3h, 3days and 7days of SBS fibrous scaffolds are shown in fig.5.4 to fig.5.9. These
images showed that when ECs are in contact with the extract media of SBS fibrous
scaffolds, they presented an abundant growth comparable to the positive control. These
results of ECs morphologies agrees with MTS study demonstrating that SBS fibrous
scaffolds can be used for biomedical applications and tissue engineered blood vessel
in particular, because ECs consist the primary layer of native blood vessels. Therefore,

cytotoxicity study paved the way for further investigation of in vitro cell culture study.
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Fig.5.1: MTS assay of ECs cytotoxicity assay in contact with the extract

media of E, E: N (1:1) and NE fibrous scaffolds of 3h up to 3days.
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Fig.5.2: MTS assay of ECs cytotoxicity assay in contact with the extract

media of E, E: N (1:1) and NE fibrous scaffolds of 3h up to 3days.
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Fig.5.3: MTS assay of ECs cytotoxicity assay in contact with the extract

media of E, E: N (1:1) and NE fibrous scaffolds of 3h up to 3days.
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Fig.5.4: Images of ECs cultured for 3h in the 3h’extract media of these

scaffolds: (a) positive control, (b) E, (C) E: N (1:1) and (d) NE.
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Fig.5.5: Images of ECs cultured for 3h in the 3days’extract media of

these scaffolds: (a) positive control, (b) E, (C) E: N (1:1) and (d) NE.
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Fig.5.6: Images of ECs cultured for 3h in the 7days’extract media of these scaffolds:

(a) positive control, (b) E, (C) E: N (1:1) and (d) NE.
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Fig.5.7: Images of ECs cultured for 3days in the 3h’extract media of these scaffolds:

(a) positive control, (b) E, (C) E: N (1:1) and (d) NE.
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Fig.5.8: Images of ECs cultured for 3days in the 3days’extract media of these

scaffolds: (a) positive control, (b) E, (C) E: N (1:1) and (d) NE.
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Fig.5.9: Images of ECs cultured for 3 days in the 7days’extract media of these

scaffolds: (a) positive control, (b) E, (C) E: N (1:1) and (d) NE.
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5.3.3. MTS assay of ECs cultured for 7 days on SBS fibrous scaffolds

with unchanged and changed media.

In order to point out whether it is necessary to change the culture
media for ECs when they are in vitro cultured or not. ECs were cultured for 7 days in
two modes one with unchanged media and the other is changing the media every 2
days. MTS assay was carried out for both of them as shown in fig.5.10 and fig.5.11.
On the basis of MTS results, the morphologies of ECs were investigated. From MTS
study, it is clear that ECs growth is inhibited when media remained unchanged for
7 days due to the fact that cell number decreased from the original seeding number that
is 20000 (fig.5.10). However, ECs number increased above 20000 cells when the
media is changed as shown in fig.5.11. Fig.5.12 showed that ECs became round which
means that the cells were unhealthy and not viable. This is in agreement with the results
obtained from MTS assay (fig.5.10). Therefore, the media is changed every two days

in in vitro cell culture study.
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Fig.5.10: MTS assay of ECs cultured on SBS fibrous scaffolds for 7 days with
unchanged media.
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Fig.5.11: MTS assay of ECs cultured on SBS fibrous scaffolds for 7 days with
changed media.
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Fig.5.12: SEM images of ECs cultured on SBS fibrous scaffolds for 7days with
unchanged media: (a) E, (b) E: N (4:1), (c) E: N (3:2), (d) E: N (1:1), (e) E: N (2:3),

(f) E: N (1:4) and (g) NE.
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5.3.4. ECs behaviour characterization
5.3.4.1. ECs attachment
5.3.4.1.1. MTS assay of ECs cultured on SBS fibrous scaffolds.

For ECs attachment study, HUVECs were seeded on elastic SBS,
nonelastic SBS blended elastic SBS, nonelastic SBS fibrous scaffolds at the density of
10x10? cells/cm? (70% confluent). After 3h of ECs seeding, unattached cells were
washed out by PBS and living cells were quantified by MTS assay. Attachment of ECs
to elastic SBS, nonelastic SBS blended elastic SBS, nonelastic SBS fibrous scaffolds
is shown in fig.5.13. It is clear from MTS assay study that ECs are able to attach to the

surface of the whole fibrous scaffolds in 3h without significant difference (p >0.05).

1.5

) L L

0.5+

Percentage of cell number compared to elastic (x100)
—

0.0

E:N (4:1)
E:N (3:2) -
E:N (1:1)
E:N (2:3) -
E:N (1:4)

NE

Fig.5.13: MTS assay of ECs cultured on SBS fibrous scaffolds for 3h.
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5.3.4.1.2. Morphology of ECs attached on SBS fibrous scaffolds.

The morphologies of ECs attached to the surface of elastic SBS,
nonelastic SBS blended elastic SBS, nonelastic SBS fibrous scaffolds were studied by
SEM and confocal microscope (LSCM) as shown in fig.5.14 and fig.5.15. It is obvious
that ECs maintained a spreading polygonal shape that is similar to normal ECs
morphology. It is also observed that ECs intercommoned well with the surface of SBS
fibrous scaffolds regardless of their elasticity and pseudopods of ECs were oriented
along SBS fibrous scaffolds. Further, ECs showed a typical shape of motility, i.e.:
broad, flat lamella in the direction of migration and ending in a narrow ruffling
lamellipodium [133]. Therefore, SBS fibrous scaffolds supports ECs to attach and

maintain its normal shape in 3h of in vitro culture.
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Fig.5.14: SEM images of ECs cultured on SBS fibrous scaffolds for 3h (a) E, (b) E:N

(4:1), (c) E:N (3:2), (d) E:N (1:1), (e) E:N (2:3), (f) E:N (1:4) and (g) NE.
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Fig.5.15: LSCM images of ECs cultured on SBS scaffolds for 3 h: (a) E, (b) E: N

(4:1), (c) E: N (3:2), (d) E: N (1:1), (e) E: N (2:3), (f) E: N (1:4) and (g) NE.
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5.3.4.2. ECs proliferation

5.3.4.2.1. MTS assay of ECs cultured on SBS fibrous scaffolds

For cellular proliferation study, HUVECs were seeded on elastic
SBS, nonelastic SBS blended elastic SBS, nonelastic SBS at a density of 10X10°
cells/cm? (70 % confluence). After culturing for 3 and 7 days, unattached cells were
washed out by PBS and viable cells were quantified by MTS assay. Fig.5.16 and
fig.5.17 show the viability of HUVECs cultured on elastic SBS, nonelastic SBS
blended elastic SBS with different ratios (E:N (4:1), E:N (3:2), E:N (1:1), E:N (2:3),
E:N (1:4)) and nonelastic SBS on days 3 and 7 after seeding. ECs viability increased
on SBS fibrous scaffolds from day 3 to day 7 indicating that SBS fibrous scaffolds are
able to support ECs not only in terms of adhesion but also in terms of proliferation.

Perhaps, it is crucial to adjust weight ratios of elastic SBS to
nonelastic SBS for optimal cell growth. From fig.5.17, it can be seen that nonelastic
SBS-to-elastic SBS weight ratio of 1:1 and 2:3 imply better ECs viability than pure
nonelastic SBS and elastic SBS. This indicates that ECs growth may be supported by
certain elasticity of SBS fibrous scaffolds that can be achieved at weight ratio of 1:1

and 2:3.
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Fig.5.16: MTS assay of ECs cultured on SBS fibrous scaffolds for 3days.
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Fig.5.17: MTS assay of ECs cultured on SBS fibrous scaffolds for 7 days.
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5.3.4.2.2. Morphology of ECs cultured on SBS fibrous scaffolds.

HUVECs were seeded on elastic SBS, nonelastic SBS blended
elastic SBS, nonelastic SBS at a density of 10X10°* cells/cm? (70 % confluence) and
observed on day 3 and 7 under SEM and confocal microscope (LSCM) (fig.5.18,
fig.5.19 and fig.5.20, fig.5.21). An increase in the number of ECs can be clearly seen
from day 3 to day 7. The majority of the surface of SBS fibrous scaffolds is covered
by ECs at day 7. ECs showed phenotypic spreading on both day 3 and 7. It is also
observed that, ECs interconnected well with the fibrous scaffolds at day 3 and 7
regardless of their elasticity, oriented along the fibrous structure and maintained

a typical shape of motility [133].
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Fig.5.18: SEM images of ECs cultured on SBS fibrous scaffolds for 3days (a) E, (b)

E: N (4:1), (c) E: N (3:2), (d) E: N (1:1), (e) E: N (2:3), (f) E: N (1:4) and (g) NE.
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Fig.5.19: SEM images of ECs cultured on SBS fibrous scaffolds for 7days (a) E, (b)

E: N (4:1), (c) E: N (3:2), (d) E: N (1:1), (e) E: N (2:3), (f) E: N (1:4) and (g) NE.
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Fig.5.21: LSCM images of ECS cultured on SBS scaffolds for 3 days: (a) E, (b) E: N

(4:1), (c) E: N (3:2), (d) E: N (1:1), (e) E: N (2:3), (f) E: N (1:4) and (g) NE.
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Fig.5.21: LSCM images of ECS cultured on SBS scaffolds for 7 days: (a) E, (b) E: N

(4:1), (c) E: N (3:2), (d) E: N (1:1), (e) E: N (2:3), (f) E: N (1:4) and (g) NE.
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5.4. Conclusion

Air plasma treatment showed beneficial role to improve the surface
wettability of SBS fibrous scaffolds converting the hydrophobic nature of SBS fibrous
scaffolds to hydrophilic. The hydrophilicity of the surfaces helped ECs to attach and
proliferate on SBS fibrous Scaffolds. Prior to carrying out in vitro cell culture,
cytotoxicity study is essential to ascertain whether SBS fibrous scaffolds have toxic
influence on ECs or not since endothelialisation of SBS fibrous scaffolds has not been
studied before. SBS fibrous scaffolds showed no cytotoxic effect on ECs and
comparable cell viability to the positive control. ECs in vitro cell culture on SBS
fibrous scaffolds over 7 days showed attachment of cells at 3h which led to an increase
in ECs growth. Controlling the elasticity of SBS fibrous scaffolds though blending
nonelastic SBS to elastic SBS at weight ratios of 1:1 and 2:3 led to enhanced cell
growth from day 3 to day 7 and appeared to produce one of the highest cell numbers

compared to elastic SBS.
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Chapter.6

Conclusion and future work

The scope of this research contains fabrication of fibrous scaffolds
from elastic SBS, nonelastic blended elastic SBS at different ratios (E: N (4:1), E: N
(3:2), E: N (1:1), E: N (2:3) and E: N (1:4)), nonelastic SBS and constructing tissue

engineered ECM by hybridizing the scaffolds and endothelial cells (ECs).
6.1. Main conclusion

Fabrication of fibrous sacffolds of elastic SBS, nonelastic SBS
blended elastic SBS at different ratios (E: N (4:1), E: N (3:2), E: N (1:1), E: N (2:3)
and E: N (1:4)), and nonelastic SBS was successfully achieved. SBS fibrous scaffolds
maintained uniform fibrous structure at 17 wt%. The obtained averaged diameter of
SBS fibrous scaffolds is 2 um. Chemical composition, crystallography and thermal
properties of the SBS blend is similar to pure elastic and nonelastic SBS fibrous
scaffolds. The SBS fibrous scaffolds have an average pore size of 8+0.01 um and are
permeable to air. It was possible to tune the mechanical properties of SBS polymer
through blending elastic SBS to nonelastic SBS while keeping the same chemical

structure of unblended SBS.

SBS fibrous scaffolds maintained hydrophobic nature and it is
essential to be treated by air plasma to become hydrophilic. The hydrophilicity of the
surfaces helped ECs to attach and proliferate on SBS fibrous Scaffolds. SBS fibrous
scaffolds demonstrated no cytotoxic effect on ECs and the viability of ECs on SBS

fibrous scaffolds is comparable to positive control. ECs were able to attach and
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proliferate on SBS fibrous scaffolds regardless of their elasticity when cell cultured is
carried out for 3 h, 3days and 7 days. The typical polygonal morphology of ECs were
maintained when cultured on SBS fibrous scaffolds and they are oriented along the
fibrous scaffolds. Blending nonelastic SBS to elastic SBS at weight ratio of 1:1 and
2:3 demonstrated better cell viability compared to elastic SBS. SBS fibrous scaffolds
demonstrated a new cell surface structure that can support ECs adhesion and spread

and it paves the way for various tissue engineering application.

6.2. Limitations

What is left in this study is that some experiment designs are not
constructed to optimal level. Firstly, only one cell type, i.e. human umbilical vein
endothelial cells (HUVECS) has been investigated. Other cell types like fibroblast and
smooth muscle cells (SMCs) should be tried as they compose the middle and outer
layer of native blood vessels structure. Secondly, the effect of tensile strain of SBS
fibrous scaffolds on ECs attachment and proliferation should be studied to examine
and compare the cellular interaction of ECs and the various SBS scaffolds under static
and dynamic conditions. Thirdly, implanting SBS tubular fibrous scaffolds in
an animal model should be investigated to demonstrate the integration of the artificial

blood vessels with the native blood vessels.

6.3. Future work

Fig.6.1 shows the image of fabricated small diameter blood vessel of
SBS that has diameter of 5 mm. Fig ¢ confirmed that the tubular structure of SBS
maintains fibrous structure. Tubular form of SBS has been successfully electrospun
and isolated from the mandrel. To the best of our knowledge, that is the first time that

SBS polymer electrospun in tubular fibrous scaffolds. In the future, the tubular form
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of SBS fibrous sacffolds will be tested in a bioreactor to mimic the contraction and
dilation of native blood vessel. Further, the effect of cyclic strain of SBS fibrous
scaffolds on the viability of ECs will be investigated. An animal trial of tubular SBS
fibrous scaffolds will be tried to point out the integration of SBS fibrous scaffolds with

the living native blood vessels.

Date :28 Jul 2015

Time :11:48:40
T AR O iy VR I

Fig.6.1: (a, b) Macroscopic images of SBS tubular fibrous scaffolds (5 mm diameter

) fabricated with 17 wt%, (c) SEM image of the fibrous structure of SBS tube
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Section 1
Mitigating Challenges in Elderly Population

The section emphasizes challenges faced by senior citizens in performing various activities like using
computer applications, driving, daily activities, exercise etc. and explores solutions to overcome these
challenges.

Chapter 1
Challenges in Developing Applications for Aging Populations ...........cccceceereieenieinieenieeeiee e 1
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Elderly individuals can greatly benefit from the use of computer applications, which can assist in
monitoring health conditions, staying in contact with friends and family, and even learning new things.
However, developing accessible applications for an elderly user can be a daunting task for developers.
Since the advent of the personal computer, the benefits and challenges of developing applications for
older adults have been a hot topic of discussion. In this chapter, the authors discuss the various challenges
developers who wish to create applications for the elderly computer user face, including age-related
impairments, generational differences in computer use, and the hardware constraints mobile devices
pose for application developers. Although these challenges are concerning, each can be overcome after
being properly identified.

Chapter 2
Finding a Smart Technical System for Mitigating the Elderly’s Driving Accidents: System
Development for Safe Driving for the EIderly ........ccccoooiiiiiiniinincceececece 22
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Sebin Jung, General Motors Korea, Korea

Driving-related injuries associated with elderly drivers are on the rise although the overall rate of
driving-related injuries has decreased. To determine the causes of this trend, this chapter introduces
the characteristics of the elderly’s aging health conditions and driving behaviours, and also explains
existing vehicle systems that use different safety technologies to promote safe driving. This chapter will
show that for the most part, current systems are not created by people with driving difficulties caused
by health problems, which in turn often afflict the elderly. Moreover, based on an elderly focus group
with declining body conditions, this chapter uses an interview to discover the problems they encounter
while driving and demonstrates how new system concepts can be developed for the elderly. Finally, this
chapter proposes adequate system concepts for the elderly as a solution that would improve driving safety
and provide a more enjoyable driving environment for this population.

Chapter 3
Supporting Active and Healthy Aging with Advanced Robotics Integrated in Smart Environment.... 46
Raffaele Esposito, Sant’Anna School of Advanced Studies, Italy
Laura Fiorini, Sant’Anna School of Advanced Studies, Italy
Raffaele Limosani, Sant’Anna School of Advanced Studies, Italy
Manuele Bonaccorsi, Sant’Anna School of Advanced Studies, Italya
Alessandro Manzi, Sant’Anna School of Advanced Studies, Italy
Filippo Cavallo, Sant’Anna School of Advanced Studies, Italy

The technological advances in the robotic and ICT fields represent an effective solution to address specific
societal problems to support ageing and independent life. One of the key factors for these technologies
is the integration of service robotics for optimising social services and improving quality of life of the
elderly population. This chapter aims to underline the barriers of the state of the art, furthermore the
authors present their concrete experiences to overcome these barriers gained at the RoboTown Living
Lab of Scuola Superiore Sant’Anna within past and current projects. They analyse and discuss the results
in order to give recommendations based on their experiences. Furthermore, this work highlights the
trend of development from stand-alone solutions to cloud computing architecture, describing the future
research directions.

Chapter 4

Hand Exercising Exoskeleton: An Aging Assistive Device for Rehabilitation .............ccoccevcevieneenen. 78
Soumya Kanti Manna, College of Engineering & Management, India
Prasanna Kumar Lenka, National Institute for the Orthopaedically Handicapped, India
Subhasis Bhaumik, Indian Institute of Engineering Science & Technology, India

Aging is a common stage of human life where people often face different problems related to physical
and mental weakness which in turn make them feeble to do their daily activity. Despite of all the
challenges, most aged people prefer to do their daily routine at their own. Assistive technology is used to
support those people to get back into their normal life and enhance the independent living. Exoskeleton
or wearable robots are people-oriented robots designed to be worn. These robots are designed around
the function and shape of the human body and the human will be able to control the robotic limbs. This
control can assist in walking, running, jumping higher or even lifting objects one would not normally
be able to lift. A hand exercise device called “Exorn” which is user friendly, simple to use and easy to
control is being focused in this chapter.
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Chapter 5

Cognitive Fitness, Assessment, and Cognitive Rehabilitation of Older Population: From MMSE

to Computerized and VR Based TOOIS.......c.ccouiriiiiiriiiiiiieicetcntcnecntceeesecee et 98
Unai Diaz-Orueta, Nesplora Technology & Behavior, Spain

In recent years, it has been assumed that brain may be trained as a muscle (use-it-or-lose-it hypothesis)
so the higher amount of cognitively stimulating activities we are involved at, the better the cognitive
status will be when we reach the old age. Though this assumption needs to be properly verified with
additional scientific evidence, there has been an increasing number of studies on cognitive intervention
(training, stimulation, rehabilitation) that have obtained diverse results with regards to their efficacy in
maintaining cognitive function over time and transfer their gains to older people’s daily life activities
and challenges. The current chapter revises latest years of research on cognitive tests and interventions,
and incorporates the added value of the latest developments in computerized and virtual-reality based
assessment and training tools, to respectively measure and improve cognitive status in older populations.
Moreover, key recommendations on how existing tools could be improved will be provided.

Section 2
Optimizing ICT Technologies for Aging Society

The section explores application of advanced and optimized ICT Technologies in improving quality of
life and supporting independent living of senior citizens.

Chapter 6

User-Centered Design of Wearable Assistive Devices for the Aging Population..........c..ccecceeeeneenee. 131
Philip Kinsella, Swinburne University of Technology
Paul Stoddart, Swinburne University of Technology
Charlie Ranscombe, Swinburne University of Technology

Due to modern medicine, the lifespan of the average person is increasing, with a concomitant increase in
the need for care. According to the German Federal Statistical Office, DeStatis, there will be a deficit of
260,000 caregivers by 2025, which is not only an issue in Germany, but worldwide. New technologies,
including wearable devices, will be crucial to manage this challenge, but there is a huge amount of
research and investment required to incorporate wearable assistive devices into the lives of elderly
users. It is crucially important that any new devices are fit for purpose, taking into account the specific
needs of elderly people. This chapter, therefore, summarises and reviews the current state of wearable
assistive devices, formalises the current design practice with respect to user needs, and presents design
considerations such as wearability and usability, in order to assist in the future development of wearable
assistive devices for the aging population.
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Chapter 7
Elderly Monitoring and AAL for Independent Living at Home: Human Needs, Technological
Issues, and Dependability ..........ccccociiiiriiiiiriiieectccee et 155
Fabio Veronese, Polytechnic University of Milan, Italy
Hassan Saidinejad, Polytechnic University of Milan, Italy
Sara Comai, Polytechnic University of Milan, Italy
Fabio Salice, Polytechnic University of Milan, Italy

The population ageing is inevitably going to change the society and the elderly living dynamics. Optimization
of resources, independent living and enhancement of elderly’s social, working, and physical activities
are the key aspects of this changing. The current paradigm is Ambient Assisted Living (AAL), where
the elderly person is enabled to live an independent and high-quality life by empowering the ambient
around him/her. Home Automation can provide a two-way contribution: it represents an opportunity
to help overcoming difficulties; while its pervasive instrumentation provides precious information.
Being aware of the elderly’s activities has several applications: for the families, reassuring them about
their beloved’s safety, for the caregivers, enabling them to provide prompt interventions. To highlight
this aspect, it is possible to refer to AAML: Ambient Assisted and Monitored Living. This chapter
introduces the design procedure of AAML systems, and their main challenges: user’s needs centrality,
data visualization and dependability.

Chapter 8
ICT-Enabled Communication Tools for the Elderly: A Proximity-Based Social Communication

Hassan Saidinejad, Polytechnic University of Milan, Italy
Fabio Veronese, Polytechnic University of Milan, Italy
Sara Comai, Polytechnic University of Milan, Italy

Fabio Salice, Polytechnic University of Milan, Italy

Elderly population is growing all over the globe. Social life (social contact, social support, social
participation) and communication are important factors for ageing well. Research has shown the potential
benefit of ICT-enabled communication tools and social networks for the elderly. The number of elderly
people appearing on social networks is increasing. However, not all the available tools are effective
for the elderly users. In this chapter, authors propose a communication model for the elderly. Focusing
mainly on the locality of the users, a social communication tool for the elderly is proposed which is built
around six main features: proximity, proactivity, less content more contact, visual map-based interface,
gamification of support, and personal assistant.

Proofing copy. Copyright IGI Global. May not be posted or distributed.



Chapter 9

Wired and Wireless Distributed: E-Home Healthcare System ..........ccoccuveviiiniieeniieniienieeieeeeeee, 209
Booma Devi Sekar, University of Macau, Macau
JiaLi Ma, University of Macau, Macau
Mingchui Dong, University of Macau, Macau

The proactive development in electronic health (e-health) has introduced seemingly endless number of
applications such as telemedicine, electronic records, healthcare score cards, healthcare monitoring etc.
Yet, these applications confront the key challenges of network dependence and medical personnel necessity,
which hinders the development of universality of e-health services. To mitigate such key challenges, this
chapter presents a versatile wired and wireless distributed e-home healthcare system. By exploiting the
benefit of body sensor network and information communication technology, the dedicated system model
methodically integrates some of the comprehensive functions such as pervasive health monitoring, remote
healthcare data access, point-of-care signal interpretation and diagnosis, disease-driven uplink update
and synchronization (UUS) scheme and emergency management to design a complete and independent
e-home healthcare system.

Chapter 10
Empowering Patients in Self-Management of Parkinson’s Disease through Cooperative ICT
SYSTEIMIS ..ttt ettt st et e e st e e st sat e st e et eae e s ae e st sat e st et e ae e st st st saneeaees 253
Erika Rovini, Sant’Anna School of Advanced Studies, Italy
Dario Esposito, Sant’Anna School of Advanced Studies, Italy
Carlo Maremmani, Local health authority, Massa & Carrara, Italy
Paolo Bongioanni, Local health authority, Massa & Carrara, Italy
Filippo Cavallo, Sant’Anna School of Advanced Studies, Italy

The objective of this chapter is to demonstrate the technical feasibility and medical effectiveness of
personalised services and care programmes for Parkinson’s disease, based on the combination of mHealth
applications, cooperative ICTs, cloud technologies and wearable integrated devices, which empower
patients to manage their health and disease in cooperation with their formal and informal caregivers, and
with professional medical staff across different care settings, such as hospital and home. The presented
service revolves around the use of two wearable inertial sensors, i.e. SensFoot and SensHand, for
measuring foot and hand performance in the MDS-UPDRS III motor exercises. The devices were tested
in medical settings with eight patients, eight hyposmic subjects and eight healthy controls, and the results
demonstrated that this approach allows quantitative metrics for objective evaluation to be measured, in
order to identify pre-motor/pre-clinical diagnosis and to provide a complete service of tele-health with
remote control provided by cloud technologies.
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Section 3
Elderly Healthcare

The section presents novel and cost effective disease diagnosis and health monitoring techniques for
elderly healthcare.

Chapter 11

Evolving Concepts for Use of Stem Cells and Tissue Engineering for Cardiac Regeneration........... 281
Jahnavi Sarvepalli, Indian Institute of Technology Madras, India
Rajalakshmi Santhakumar, Indian Institute of Technology Madras, India
Rama Shanker Verma, Indian Institute of Technology Madras, India

The incidence of cardiovascular disease (CVD) in adults are increasing worldwide with impaired repair
mechanisms, leading to tissue and organ failure. With the current advancements, life expectancy has
improved and has led to search for new treatment strategies that improves tissue regeneration. Recently,
stem cell therapy and tissue engineering has captured the attention of clinicians, scientists, and patients
as alternative treatment options. The overall clinical experience of these suggests that they can be safely
used in the right clinical setting. Ultimately, large outcome trials will have to be conducted to assess their
efficacy. Clinical trials have to be carefully designed and patient safety must remain the key concern. At
the same time, continued basic research is required to understand the underlying mechanism of cell-based
therapies and cell tissue interactions. This chapter reviews the evolving paradigm of stem cell therapy
and tissue engineering approaches for clinical application and explores its implications.

Chapter 12
Ventricular Assist Device and Its Necessity for Elderly Population.............ccocceeiiiiiiiiiiinniniinnnne 316
Md. Shamsul Arefin, Swinburne University of Technology, Australia
Nasser K. Awad, Swinburne University of Technology, Australia
Chandra Prakash Rathore, Oracle India Private Limited, India
Anupam Shukla, ABV-Indian Institute of Information Technology and Management Gwalior,
India
Yosry S. Morsi, Swinburne University of Technology, Australia

Ventricular Assist Device (VAD) is considered to be the part and parcel to those people who have cardiac
complications or heart failure especially the aged patients. Although VADs have contributed remarkably
for the past few years, yet these devices possess some limitations, mainly the driveline infections. Due to
these conditions, researchers are aiming to improve its functionality as well as other necessary/additional
features and hence there is a need to develop the ‘next generation” wireless VAD system which could be
very effective to reduce the risk of this infection. In this chapter, the necessity of the VAD and different
kinds of VADs are presented and discussed. These features incorporate hemodynamic states after
receiving the VADs, selection of biomaterials for the VAD system, VAD pumps and its classifications.
Finally, a brief discussion is also provided based on the recent advancement of the VAD system and the
scope for the future research.
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Chapter 13

Assistive Technology for Heart Monitoring of Elderly People through Speech Analysis.................. 337
Kavita Thakur, Pt. Ravishankar Shukla University, India
Anjali Deshpande, M. M. College of Technology, India
Arun Shrihari Zadgaonkar, Dr. C.V. Raman University, India

Most of the elderly population suffer from some sort of heart disorders, so, continuous monitoring of
heart functioning is required to diagnose diseases proactively. Electrocardiogram (ECG) is a tool widely
used for identification of various heart diseases, but, it requires patients to visit clinic for checkup by
experts. As formant frequencies of speech reflect physiological features of the human body, a correlation
exists between ECG cycle and Acoustical Cardiogram (ACG) cycle obtained from formant frequency
analysis of speech signal. Various heart parameters like RR-cycle duration, heart beat rate, systole cycle
etc. can be determined from acoustical RR-cycle. This chapter introduces a novel non-invasive technique
for monitoring of human heart functioning through speech analysis by which patients can monitor their
heart functioning themselves. Such kind of assistive technology can be useful for elderly population
for monitoring of various physical organs of human body as well through their speech signal analysis.

Chapter 14
Parkinson’s Disease Detection with Gait Recognition using Soft Computing Techniques................ 359
Anupam Shukla, ABV-Indian Institute of Information Technology and Management Gwalior,
India
Chandra Prakash Rathore, Oracle India Private Limited, India
Neera Bhansali, Florida International University, USA

Parkinson’s disease is a degenerative disorder of the central nervous system which occurs as a result of
dopamine loss, a chemical mediator that is responsible for body’s ability to control the movements. It’s
a very common disease among elder population effecting approx 6.3 million people worldwide across
all genders, races and cultures. In this chapter, authors have proposed an automated classification system
based on Artificial Neural Network using Feed Forward Back-propagation Algorithm for Parkinson’s
disease diagnosis by analyzing gait of a person. The system is trained, tested and validated by a gait
dataset consisting data of Parkinson’s disease patients and healthy persons. The system is evaluated
based on several measuring parameters like sensitivity, specificity, and classification accuracy. For the
proposed system observed classification accuracy is 97.11% using 19 features of gait, and 95.55% using
10 prominent features of gait selected by Genetic Algorithm.

Chapter 15

Computer Aided Diagnosis System for Breast Cancer Detection...........ccceveerueerieenieenieeniennieeieeeenne. 382
Arun Kumar Wadhwani, Madhav Institute of Technology and Science, India
Sulochana Wadhwani, Madhav Institute of Technology and Science, India
Tripty Singh, Amrita Vishwa Vidyapeetham, India

Management of breast cancer in elder patients is challenging due to a lack of good quality evidence
regarding the role of adjuvant chemotherapy. Mammograms can depict most of the significant changes
of breast disease. The primary radiographic signs of breast cancer are masses (its density, site, shape,
borders), spicular lesions and calcification content. The basic idea is to convert the mammogram image
and convert into 3-D matrix. Obtained matrix is used to convert the mammogram into binary image.
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Several techniques like detecting cell, filling gaps, dilating gaps, removing border, smoothing the objects,
finding structures & extracting large objects have been used. Finally finding the granulometry of tissues
in an Image without explicitly segmenting (detecting) each object. Compared to existing multiscale
enhancement approaches, images processed with this method appear more familiar to radiologists and
naturally close to the original mammogram.

Chapter 16

Quantum Computing Based Technique for Cancer Disease Detection System..........ccccceveeeveerveennen. 400
Setu Kumar Chaturvedi, Technocrats Institute of Technology, India
Milan Jain, Technocrats Institute of Technology, India

Barring any cancer prevention breakthroughs, the expansion of the aged population will likely increase
number of older individuals diagnosed for cancer in the coming decades. Dimensions of the cancer burden
and its devastating manner of challenge ahead are inferred in the context of with aging populations to
underscore the possible increase that demographic factors may have on the magnitude of the cancer
problem for older persons in the future years. Presently the detection procedure is very time consuming
and not accurate, in this respect there is a need of more accurate, fast and efficient method through
computing technologies. The present research work incorporates quantum computing with clustering
algorithm i.e. Shor’s algorithm of quantum computing with hierarchical clustering technique. Here
adaptation of Shor’s algorithm helps to increase accuracy, and hierarchical clustering technique helps
to detect the stages of cancer.
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ABSTRACT

Ventricular Assist Device (VAD) is considered to be the part and parcel to those people who have cardiac
complications or heart failure especially the aged patients. Although VADs have contributed remarkably
for the past few years, yet these devices possess some limitations, mainly the driveline infections. Due
to these conditions, researchers are aiming to improve its functionality as well as other necessary/ad-
ditional features and hence there is a need to develop the ‘next generation’ wireless VAD system which
could be very effective to reduce the risk of this infection. In this chapter, the necessity of the VAD and
different kinds of VADs are presented and discussed. These features incorporate hemodynamic states
after receiving the VADs, selection of biomaterials for the VAD system, VAD pumps and its classifica-
tions. Finally, a brief discussion is also provided based on the recent advancement of the VAD system
and the scope for the future research.

INTRODUCTION

Ventricular Assist Devices (VADs) are considered as lifesaving systems. It is well known that a lack of
usual blood flow can develop different heart diseases. These diseases indubitably influence the natural
operational activities of the heart and a prime factor for causing death. To be precise, left ventricle (LV)
of the cardiac system is the most important chamber which helps in the circulation of blood to the entire
body. On the other hand, when usual functionalities of left ventricle are hindered because of aging or
weakened cardiac muscles then it is vulnerable to various cardiac diseaseiprimary treatments for these
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diseases are utilization of ventricular assist devices (VADs), which are basically implanted/set-up inside
the patients. To date, researches have produced substantial advancements in development of the VADs
including sizes and shapes but still various limitations exist which cause various cardiovascular diseases
(CVD) and/or infections for the VAD-patients (Arefin, 2015).The cardiovascular system comprises of
a pumping-organ, (the heart) blood and blood-vessels which act as a branching network throughout the
whole body. The heart is a conically formed pumping organ which serves the total requirement of blood
needed by the whole body and it is constructed from the muscle tissues (Bronzino, 2006). Cardiac diseases
itself are one of the main factors for human morbidity. Precisely, a significant knowledge is necessary
based on the general and diseased hearts to attain suitable results for the general and clinical cardiac
analysis (Vadakkumpadan et al., 2010). Utilization of the VADs substantially minimize mortality rate
especially for those people who are on the heart transplant waiting record (Garbade, Bittner, Barten, &
Mohr, 2011; Moazami, Sun, & Feldman, 2011). Also, people with CVD, weakened heart muscle and/ or
elderly people are in need of VAD systems. Although there are various cardiovascular diseases named-
valvular heart diseases (Bender, 1992; Morsi, 2011) and coronary artery diseases/coronary heart diseases
(Arefin, 2015; Basciftci & Incekara, 2011; Channel, 2014), but special attention has been given towards
the heart failure diseases and its treatments, especially which are highly suitable for the elderly people.

Cardiovascular Disease (CVD)

In general, Cardiovascular Diseases (CVDs) refer to every possible disorder of the cardiac system (the
heart and blood vessel), which is not functioning properly. This disease is responsible for causing impair-
ment to the blood circulation tracks, such as the veins and arteries where the blood is flowing to and from
the heart. In statistics of NHMRC (National Health and Medical Research Council) it is mentioned that
total expenditure for research of CVD was $439.5 million in year of 2000 to 2007 in Australia (Arefin,
2015; Council, 2014).

Moreover, it is also stated that CVD is the main cause of death in Australia including approximately
45,600 people died in year of 2011. Specifically due to this disease, in every 720 seconds one person
dies in Australia (Council, 2014). Subsequently, in the under developed countries 80% of people was
found to be affected and ultimately died because of this disease and the percentage is still elevating at
an alarming rate. In contrast, in developed countries during years from 1960 to 2010 CVD-deaths for
the aging population have been found to decrease by 50%. Moreover, in the most cases CVD related
disorders are often checked at advanced stages and hence this disease is perilous. Consequently, because
of this specific reason, apposite drug therapies need to be prescribed at the verybeginning-of-the-con-
d-i-t-i-e-liso that it can help blocking the advancement of the disease (Emeto, Moxon, Rush, Woodward,
& Golledge, 2011). Furthermore, CVD also acts as the main source of mortality for the people with
Hemodialysis (HD). It occurs because of blood pressure, unstable lipid metabolism, oxidative stress,
micro inflammation, hyperhomocysteinemia, anaemia, secondary hyperparathyroidism and vascular
shunt flow (Petrovi, Obrenovi, Trbojevi-Stankovi, Majki-Singh, & Stojimirovi, 2011). Additionally, when
high blood pressure isresponsible for the causing the heart disease, it is characterized as the hypertensive
heart disease (Badii, 2012). Largely, CVDs affect the cardiac system over extended time frame and this
often develop much higher risk of heart attacks and strokes. Also, the blocked blood vessel is unable
to circulate the blood into the cardiac system and/or in the brain (Online, 2013). Subsequently, various
factors can influence the enhancement of the cardiac system, which is termed as the congenital cardiac
disease. Moreover, different infections can affect the general functionalities of the heart valve, which
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is known as endocarditis. Furthermore, if the natural movement of the cardiac muscle is affected for
example, more slowly or rapidly (inflammation process), then it is termed as the cardiomyopathy and
myocarditis, correspondingly (Arefin, 2015; Online, 2013).

Heart Failure (HF)

Heart failure is often caused by lack of appropriate physiological functionalities, which leads to bodily
imbalance and eventual death of the patient. The cardiac failure mainly takes place because of dysfunction
of ventricle functionalities, which are expansion and contraction. Subsequently, heart failure is responsible
for causing minimal or lack of blood flow, elevated lung pressure, increases the de-oxygenated blood
and ultimately, death results (Baryalai, Wang, AlMalki, & Masoud, 2011; Hunt et al., 2009). Even in
Australia, over 380,000 people are at risk of heart attack at any time and every year around 55,000 people
face heart attack related complications (Arefin, 2015; Foundation, 2014). There are different types of
cardiac failures, such as (Arefin, 2015):

1.  Dilated Cardiomyopathy: Dilated cardiomyopathy is the primary kind of cardiac failure. Because
of this, the ventricles turn out to be very soft and enlarged, causing ventricular dysfunction of the
heart. Moreover, due to this deteriorated heart, stroke volume decreases and the blood circulation
rate try to elevate the necessary cardiac output (Arefin, 2015; Baryalai, Wang, AlMalki, & Masoud,
2011; Peschar et al., 2004).

Subsequently, the body becomes very weak because of shortage of enriched arterial blood, which
isindispensable for imperativeorgans. Alternatively, similar indications can be seen for the dilated car-
diomyopathy due to elevated pressure levels in the heart and in the lungs, which is termed as Congestive
Heart Failure (Arefin, 2015; Hunt et al., 2009).

2.  Hypertrophic Cardiomyopathy: When ventricles of the heart become very hard and unable to
function properly due to thick cardiac muscle, it is recognized as hypertrophic cardiomyopathy.
This stiff cardiac muscle can also produce obstruction of the left ventricle, which is same as Aortic
Stenosis (Arefin, 2015; Baryalai et al., 2011; Fogoros, 2014a).

3. Diastolic Dysfunction: This type of heart failure is also very frequent and it occurs because of
asymmetrical thickening of the ventricles of the heart and uncharacteristic ventricle filling during
the diastolic phase. Precisely, high blood pressure, hypertrophic cardiomyopathy, coronary artery
diseases, obesity etc can originate this disease (Arefin, 2015; Fogoros, 2014b).

Subsequently, coronary heart disease (CHD) is one of the most perilous heart diseases, which is
generally characterized when the coronary arteries (deliver blood and oxygen to the cardiac muscle)
are impeded by oily materials, such as ‘plaque’ or ‘atheroma’. Plaques gather along the wall inside the
arteries which primarily influences the arteries to become thinner and as a result, obstructing the blood
circulation inside the arteries. Specifically, this incident is termed as ‘atherosclerosis’ and it is one of
the most critical factors for the coronary diseases (Bascift¢i & Incekara, 2011; Channel, 2014). Reports
state that around 1.4 million Aussies primarilyexperience coronary diseases and almost 59 people die
every day because of this disease (Arefin, 2015; Foundation, 2014).
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Current Treatments of Heart Failure for Elderly
Patients and Need for VAD System

Cardiac failure is a life threatening condition but the risk can be minimized with the progression of time.
Some of these heart failure diseases can be restricted by staying on th%uggested treatment plans and
also by being healthy. Moreover, when the cardiac muscle becomes deteriorated, various treatments are
accessible these days which can help lessen the complications and immobilize or slow down the overall
circumstances (Center, 2014). Subsequently, quantification of coronary arterial stenosis is found to be
very efficient in identifying coronary heart disease (Xu et al., 2011). Also, in order to minimize the
cardiovascular mortality, specifically for Hemodialysis (HD) patients the process must hold capability
for preliminary identification including much higher-risked patients, permanent measurement dialysis
suitability and electrolyte immovability (Petrovi etal., 2011). Moreover, gene therapy could be a potential
source of medication especially for the ischemic cardiac disease for people in the imminent days (Lavu,
Gundewar, & Lefer, 2011). Furthermore, for the valvular heart diseases, treatment mainly relies on the
surrogate or substitution of the mechanical or tissue valves (Morsi, 2011). Consequently, heart transplant
is another source of treatments for the cardiovascular patients. In general, it is a surgical process in order
to substitute diseased heart of the patient with a healthy new heart from a departed donor. Speeifieally;
this is the ultimate procedure to save a patient’s life and this-preeess;is only valid when all other medical
treatments and other critical operations have unproductive results. However, because of the inadequate
donor hearts, patients have to endure an arduous selection process (National Heart, 2012). Although,
heart transplant is a life-saving procedure but it still has several snags, such as: children and infants who
are getting the treatments of an orthotropic heart transplant holds a much higher risk of mortality during
the time of this procedure (Boucek et al., 2008). Practically, it is quite tough to locate a suitable donor
and necessity for the transplantation is always in demand. This eternal insufficiency of the donors put a
much higher focus on the alternative, which is the implantation/inclusion of left ventricular assist devices
(Agarwal & High, 2012). Alternatively, at present, stem cell technologies are under research and it is
believed that it could be highly effective for the cardiovascular related issues. For instance, it is proven
feasible to minimize the overall size of the widened cardiac structure using the stem cell technology but
it requires more research work to be established (Arefin, 2015; Mozes, 2011).

Ventricular Assist Devices (VADs)

The VAD is identified as a mechanical pump, which performs as a ventricle and helps circulating the
blood to the entire body. From the four chambers of the cardiac structure, the left ventricle is recognized
as targeted section for artificial aid due to its considerable responsibility in the stipulation of oxygenated
blood to the organs and also vulnerable from different cardiac diseases. During years of 1998 to 2001, left
ventricular assist devices were acknowledged as a remedy or bridge to transplantation therapy (BTT). On
the other hand, three critical factors are responsible for producing peri-operative complication (Arefin,
2015; Awad et al., 2010; Goldstein, Oz, & Rose, 1998; Rose et al., 2001):

e  Native cardiac failure having mediocre organ impairment;

e  Long-lasting effects of the implanted devices;
e  Surgical actions consisting cardiopulmonary bypass (CPB).
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Consequently, the foremost objective of the VAD device is to assist transferring the blood from the
lower sections (ventricles) and then to the entire body, comprising imperative organs. The VAD simply
replaces the functionalities of the weakened human heart. Moreover, the elementary components of a
VAD system incorporate (Arefin, 2015; Institute, 2012):

e A small tube that helps circulating the blood from the heart to the VAD pump;
e  An additional tube helps circulating the blood from the pump to the patient’s body;
e A power source.

Additionally, this power source is affixed with a control unit and its primary task is to superintend
the device’s operation procedure. When the device’s power is very low and/or if is unable to operate
correctly, then this control unit generates cautions or alarms (Arefin, 2015; Institute, 2012).

Latest enhancements in the VAD technologies, especially the LVADs incorporating modifications in
selecting the patients and overall management have immensely upgraded the rate of survival (Moazami,
2011). These improved VADs are generally much smaller in size and have advanced options which al-
low these devices to be a perfect replacement of the left ventricle functionalities and also minimize the
mortality rate, who are in the queue for the heart transplantation (Arefin, 2015; Garbade et al., 2011).

To date, different types of VADs are available; some of them can produce pulsatile flow which is simi-
lar to the cardiac system and others are able to produce a deliver blood flow. Subsequently, it is practical
that with constant blood flow the patient might not be able to feel normal pulse. On the other hand, their
body will get the required amount of blood in order to perform properly (Arefin, 2015; Institute, 2012).

In general, two types of VADs can be named as:

° Left ventricular assist device (LVAD),
° Rightventricular assist device (RVAD).

However, if these two VADs are used/operated collectively, then it is identified as the biventricular
assist device (BIVAD) (Arefin, 2015; Institute, 2012).

Out of these VADs, LVADs are the most prevalent type ones and its primary function is to drive
the blood from the left ventricle to aorta. Consequently, RVAD’s primary function is to drive the blood
from the right ventricle to the pulmonary artery. Moreover, the non-appearance of an operational, eas-
ily implantable RVAD, can drastically reduce long-term treatment for those people who are having a
biventricular heart failure (Tanser, 2006). Alternatively, a BIVAD is utilized when both the ventricles
of the heart do not function in proper way to fulfil the overall necessities of the body. Generally, when a
patient face this ser-t—ef—si-tuat-i-enithen another treatment is taken into consideration which is known as
total artificial heart (TAH) (Arefin, 2015; Institute, 2012).

Moreover, the VADs encompass two fundamental designs, such as:

1. Transcutaneous VAD: Usually, a Transcutaneous VAD includes a pump and power supply, which
are positioned on the outer surface of the body. There are tubes which are attached to the pump to
the heart by some miniature holes in the abdomen. This kind of VAD is ideal for small-period of
time when the operation is taking place or it is over (Institute, 2012).

2. Implantable VAD: An Implantable VAD also contains a pump and a power supply. However, the
pump is positioned inside the body and the power supply is on the outer surface of the body. A wire
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attached to the pump is linked with the power supply by a miniature hole in the abdomen. This kind
of VADs are largely operated when the person is imminent for the transplantation of heart or when
the person is not suitable for the transplantation, then this VADs are used for the higher period of
time (Institute, 2012).

Furthermore, two more types of VADs are accessible depending on the patient’s need.

1.  Temporary VADs: Temporary VADs are very useful when the patient is waiting for the trans-
plantation or any other operation of heart. Temporary VADs generally assist the patient’s heart for
small-period of time. However, these VADs are highly essential if the patient possesses acute heart
diseases namely, heart malfunction, ventricular arrhythmia, cardiogenic shock and so on. Moreover
these diseases cannot be healed using any kind of medicines (Institute, 2012).

2. Enduring VADs: When the patient has heart malfunction and is in the queue for the transplanta-
tion of heart, then enduring VADs might be useful as well. However, if the medications are not
enough to prevent the cardiac malfunction, then a VAD can certainly boost a patient’s health while
the patient is waiting for a giver heart for the transplantation. Moreover, if any person is not quali-
fied for the transplantation of heart, then these enduring VADs are considered to be an excellent
therapy. These VADs can enhance the excellence of life and permit lots of daily deeds (Institute,
2012).

Hemodynamic System of a VAD

It is stated that the failure of a VAD system can certainly causes a lot of damage, including the death rate
of around 6%. This error can be minimized by implying newer VADs which should certainly take the
considerations of the heart movement of the candidate’s or in other word, hemodynamic state. Kang and
Choi (2011) developed a new pulsatile VAD which removes the blood regurgitation and also includes a
small stationary area. It is useful when the pumping force is very low. Timms et al. (2011) reported that
adjustment is required for the hemodynamic conditions of the pulmonary system using rotary LVAD into
a right heart assist arrangement. It was accomplished by dropping the right-pump rotational speed by
1400 rpm or limiting the right outflow cannula to 22.9 mm? Moreover, his team also suggested that, in
order to develop an appropriate hemodynamic condition for individual patient, variable banding system
should be used with lesser variations in the right pump rotational speed. As a result, this will diminish
the risk of thrombus formation in the right sided pump. Geiger et al. (2011) discussed about the whole
heart 4D hemodynamics in association with the pulmonary trunk (TP) followed by the detection of
the post-operative risks in patients. They also stated that the 4D flow analysis is the utmost method to
estimate the vascular morphology and hemodynamics for TGA (Transposition of the Great Arteries)
candidates. Moreover, Tay et al. (2011) presented a candidate-specific Cardiovascular-Modelling System
(CMS) in order to mimic flow system in left ventricle. As a result, this technique will help physicians to
detect the patients before heart failure. This system will go through using hybrid Computational Fluid
Dynamics (CFD) simulation and time-resolved Magnetic Resonance Imaging (4-D MRI) and these
methods offers amenable study of the flow determination in the ventricles and also their responses.
In another study, Tuzun et al. (2011) demonstrated the use of continuous-flow LVAD within a Mock
Circulatory System (MCS) containing an interposed valve. As the LVADs are highly common now-a-
days, leaflet fusion with resultant aortic regurgitation is getting more frequent. In order to replicate the
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hemodynamic features of the LVAD candidates, this MCS is assisted with Jarvik 2000 LVAD. This was
located at centre of a piston-pump (servomotor functioned) and driven at 8000-12000 rpm. However,
they concluded that the added LVAD flow really affects the impaired aortic valve opening time because
of pressure overload reached beyond the aortic valve. This overload can possibly induce in the change
of structure, regurgitation and aortic leaflet fusion. Subsequently, Ahn et al. (2011) also reported about
the influence of fluid viscosity deviation on hemodynamic energy. This was assessed with the aid of a
pulsatile blood pump within a mock system. They stated that when mean pressure increases, then the
viscosity increases constantly. On the other hand, the result of an increased viscosity results the flow
to decrease. Worku et al. (2011) reported about a device, in order to access the risk after balancing the
hemodynamic system assisting with a short term VAD to assume possibility of the survival. This device
can be a predictive guide for the physicians as well as family members of the patients primarily in provi-
sion period. Moreover, Schampaert et al. (2011) discussed advantages between the 40 cc Intra-Aortic
Balloon Pump (IABP) and Impella 2.5 Left Percutaneous (LP), having a speed of 47000 rpm. This
evaluation has been done by the circulatory support skills based on the cardiac output, coronary flow,
cardiac stroke work and arterial blood pressure. They found that the Impella 2.5 LP is slightly ahead
than TABP in terms of the circulatory aid, whereas the pulsatility is better with the IABP. For these two,
highest benefit was obtained in terms of hemodynamic condition, when mechanical circulatory support
was employed on a simulated situation of deep Cardiogenic Shock (CS). As reported to the study of
Impella 2.5 LP, Suradi and Breall (2011) stated effective use for the Impella device for the first time, in
terms of hemodynamic aid in a 44-year-old woman having a giant cell myocarditis. This lady appeared
with a Cardiogenic Shock (CS) and she was aided hemodynamically using the Impella Recover LP 2.5
LVAD, until a device could be operationally inserted eternally. Table 1 represents the key information
obtained from the discussion,

Selection of Biomaterials for VAD System: Titanium (Ti) and Ti-Based Alloys

Titanium (Ti) and its alloy have been extensively used as biomaterials for ventricular assisted devices
due to its good biomechanical properties such as Young’s modulus, fatigue strength, corrosion resistance
and biocompatibility. Titanium has a natural attribute analogous to the other valve metals; it creates a
top layer of titanium dioxide (TiO,) which makes it an excellent candidate for biomedical applications.
Titanium has been used in biomedical devices either as pure Ti or Ti alloys. Ti6Al4V alloy has been the
most common Ti-based alloy for biomedical implantation, with aluminium (Al) constituting 5.5-6.5%
of the alloy and vanadium (V) constituting 3.5-4.5%. Al and V have an allergic effect on cells; alterna-
tive Ti-based alloys have been sought. For this reason, Ti6Al7Nb and Ti5Al2.5Fe have been developed
without vanadium (Niinomi, 2002). Eu-r-t-heiTiISSn4Nb2Ta0.2Pd and Til15Zr4Nb2Ta0.2Pd have been
developed as Al-free and V-free Ti-based alloys (Okazaki et al., 1995). In terms of mechanical char-
acteristics, B-type Ti alloys have considerably lower Young’s modulus than both a-type and a+ p-type
Ti-based alloys. Consequently, the focus on fabricating low Young’s modulus B-Type Ti alloys has been
the main area of research. As a result, Ti13Nb13Zr, Ti12Mo6Zr2Fe, Ti15Mo, Til15Mo5Zr3Al, Ti35N-
b7Zr5Ta and Ti29Nb13Ta4.6Zr (TNTZ) have all been developed (Niinomi, 2003). TiNi alloy (nitinol)
has been one of the most notable Ti alloys because of its novel properties such as shape memory effect
and super-elasticity (Buehler et al., 1963). The elastic modulus of nitinol is 38-48 MPa, which is much
lower than that of standard 316L stainless steel. Nitinol, therefore, has been used in various medical ap-
plications, such as orthodontic wires, stents and bone implants. The biocompatibility of nitinol implants
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Table 1. Methods and outcomes obtained by the researcheri

Author

Technique/Method

Outcome

Kang and Choi (2011)

e Developed a new pulsatile VAD

e Removes blood regurgitation
o Contains small stationary area

Timms et al. (2011)

o Suggested to produce a suitable
hemodynamic condition

e Necessary adjustments were made for
hemodynamic conditions using rotary
LVAD

Geiger et al. (2011)

e Reported about the whole heart 4D
hemodynamics using pulmonary trunk (TP)
o Finding the post-operative threats for the
candidates

o Best method so far to verify the vascular
morphology and hemodynamics for the
Transposition of the Great Arteries (TGA)

Tay et al. (2011)

o Presented a candidate specific
Cardiovascular Modelling System (CMS)

o This system will help the doctors to find
the patients before heart failure

o It uses Computational Fluid Dynamics
(CFD) simulation and time-resolved
Magnetic Resonance Imaging (4-D MRI)

Tuzun et al. (2011)

o Showed the operation of continuous-flow
LVAD within a Mock Circulatory System
(MCS)

o Added LVAD flow certainly affects the
impaired aortic valve opening time

o This overload can possibly provoke in the
change of structure/shape, regurgitation and
aortic leaflet fusion

Ahn et al. (2011)

o Discussed about the influence of fluid
viscosity deviation on hemodynamic energy
o Pulsatile blood pump was used within a
mock system

o When the mean pressure increases, then
the viscosity increases as well

o This increased viscosity effects the flow
to decrease

Worku et al. (2011)

e Reported about a device to determine
the risk after balancing the hemodynamic
system

o This device can work as a guide for both
the doctors and the family members of the
patients primarily at the provision period

Schampaert et al. (2011)

e Compared between the advantages
between 40 cc Intra-Aortic Balloon Pump
(IABP) and Impella 2.5 Left Percutaneous
(LP)

e Impella 2.5 LP is better than IABP in
terms of the circulatory aid

o IABP has better pulsatality compared to
Impella 2.5 LP

o Highest benefit was achieved for both
devices for hemodynamic condition,
when mechanical circulatory support was
allowed on a simulated situation of deep
Cardiogenic Shock (CS)

Suradi and Breall (2011)

o Stated the effective use for the Impella
device in terms of hemodynamic aid

e The patient was having a giant cell
myocarditis

o This candidate was aided
hemodynamically using the Impella
Recover LP 2.5 LVAD successfully.

in soft tissues has been confirmed by both in vitro and in vivo investigations (Ryhanen, 1998).Since
nitinol contains Ni, the release of Ni ions is expected. However, it has been reported that the concentra-
tion of Ni ions released from nitionl is below the critical concentration that induces an allergic effect
(Anita et al., 2004). In spite of this, researchers are still attempting to fabricate Ni-free superelastic Ti
alloys, which are p-type alloys. Examples of these are TiNbSn, TiMoGa, TiMoGe, TiMoAl, TiTa, TiNb,
TiNbAl, TiScMo, TiMoAgSn and TiNbTaZr . However, thrombosis formation is still existed even with
Ti and Ti-based alloys (Kudrman et al., 2001). Surface modifications of Ti and Ti-based alloys play a
major rule for enhancing its biocompatibility as well as overcoming clot formation.
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Figure 1. Tissue engineering scaffold
(Huanga et al., 2011).

Endothelialisation

B

Collagen-chitosan-TPU nanofibers Scaffold ECS interacted with the scaffold

Surface Modifications of Ti and Ti-Based Alloys against Thrombosis Formation

Surface modifications can be conducted either by passive or active coating layer on Ti surface. Passive
layer such as TiN or Dimond-like carbon or 2-methacryloyloxyethylphosphorylcholine (MPC) polymer
deposited on Ti surface constitute barrier and miprevents the interaction between the blood and
Ti alloy. Active layer such as Heparin or endothelial cells (ECs) directly interacts with the blood and
prohibits the formation of intimal hyperplasia (Wieneke et al., 2002). Tissue engineering provides a
reasonable strategy of fabricating porous polymer scaffold on Ti which could attract endothelial cells and
construct confluent layer of cells. Subsequently, EC cell layer works as anticoagulant agent for inhibiting
thrombus formation. Figure 1 illustrates polymeric porous scaffold interacting with ECs (Huanga et al.,
2011). Various polymers whether natural or synthetic or hybrid has been tried for fabricating scaffolds
as well as several techniques have also been attempted for fabricating scaffold such as melted-polymer
based, particle-leaching, microsphere-template, freeze-drying and electrospinning, gas-foaming and
rapid prototyping (Chen et al., 2008).

Surface Treatment of Ti Substrate to Increase Interaction with Deposited Layer

Mechanical surface treatment is essential for preparing a metallic implant surface for further surface
modification methods, like physical or chemical processes, and takes the form of machining, grinding
and polishing. Mechanical treatment of the implant surface can also improve implant biocompatibility
by altering surface roughness and topography. Blasting (Wennerberg et al., 1996) is a method of altering
the surface roughness, refining and removing the contaminations of the surface. Abrasive particles such
as alumina, titania and HA particles are used to blast the surface of the biometallic material to improve
stability and biocompatibility. Surface mechanical attrition treatment (SMAT) has also been utilized
in the biomedical field to enhance implant surface characteristics, creating nanostructures (Tao et al.,
2003). Treatment of the surface of metallic biomaterial can be chemically achieved using Acid, Alkali
and H,0, treatment. In fact, a mixture of HNO, and HF of ratio 10 to 1% has been utilized for cleaning
the surface of titanium. Along the same lines, a mixture of the three acids Na,S,O,, H,SO, and HCI
has been em-pl-eyeﬂfor the surface treatment of titanium implants and it has been pointed out that HCI1
reacts only with the oxide surface layer, removing it without affecting Ti itself. On top of that, Wen et al.
demonstrated that consecutive processes of acid (HCI+H,SO,) and alkaline treatment of titanium could
potentially improve its bioactivity (Nanci et al., 1998). Titania gel thin film was fabricated on titanium
when treated in a solution of H,O, /0.1M HCI or H,O,/TaCl, (Tengvall et al., 1989). After that, the
bioactivity of the treated surface increased .However, heat treatment is essential for the transformation
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of the amorphous phase to the crystalline phase. Anodic oxidation has also been employed for treating
the surface of Ti by creating porous layer on the surface (Han et al., 2014).

VAD Pumps

It has already been discussed that the VADs are very helpful when the patient require medical treatment.
VAD pumps are basically the micropumps, because of their micro-size and they are completely inserted
into the VADs. These micropumps help operating the entire VAD system.Original study relating to the
micropumps began in 1970s and the advancement regarding the micro-fabrication technology started in
1980s. In 1990s, MEMS (Micro Electronic Mechanical System) based micropumps were built. Regard-
ing to the drug delivery method, micropumps are the foremost part of that technique, which allows the
actuation principles to supply exact amount of drugs from the tank. Basically a micropump contains
diaphragm, membrane, chamber, actuator, microchannels, microvalves, inlet, outlet etc (Ashraf, Tayyaba,
& Afzulpurkar, 2011). Conversely, the definition of micropumps by MEMS reveals that thefiny pump-
ing components are made-up using micromachining techniques are known as micropumps. Generally,
two types of micropumps are available (Amirouche, Zhou, & Johnson, 2009; Ashraf, et al., 2011; Nisar,
Afzulpurkar, Mahaisavariya, & Tuantranont, 2008):

e  Mechanical Micropumps;
e  Non-mechanical Micropumps.

Mechanical Micropumps

Mechanical micropumps consist of movable components. As aresult, these pumps need a physical actuator
in order to complete the pumping procedure. The most frequent mechanical micropumps are the displace-
ment type, which contain a pumping chamber and it is attached with a movable diaphragm(Ashraf et al.,
2011). The categorizations of these micropumps (depending on the actuation mechanisms) are described
in short (Amirouche et al., 2009; Ashraf et al., 2011; Nisar et al., 2008). Likewise, these micropumps
can be additionally separated into two more types namely, displacement and dynamic pumps; whether
the additional mechanical energy is given regularly in order to raise the pressure to start the movement
of the fluid or constantly to raise the speed of the fluid (Amirouche et al., 2009). Table 2 demonstrates
the characteristics, pros and cons of the mechanical micropumpsl

Non-Mechanical Micropumps

Non mechanical micropumps do not contain any movable components. As a result, these micropumps
require a method, which can alter the non-mechanical force into the kinetic energy. Basically no physical
actuation parts are required for these micropumps and that is why the shape, size, pattern and production
of these pumps are quite easy and straightforward. However, these micropumps have some shortcom-
ings too, as the utilization of lone low conductivity fluids and the actuation principles hinder with the
pumping fluids (Ashraf, et al., 2011). Usually, the rate of flow for these pumps is below 10 I/min and it
varies from 10 1/min to some millilitres/min for the mechanical micropumps (Amirouche, et al., 2009).
The categorization for the non-mechanical micropumps can be found from (Amirouche et al., 2009;
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Ashraf et al., 2011; Nisar, et al., 2008). Table 3 demonstrates the characteristics, pros and cons of the
non-mechanical micropumpsl

Although the VAD systems provide significant lifeline-support to the patients, but these devices are
also prone to some complications (Arefin, 2015; Friedman et al., 2011; Goldstein et al., 1998; Pam-
boukian, 2011):

Size of the device,
Durability,

Driveline infections,
Open-chest operation,
Right-sided heart failure,
Thromboembolism,
Bleeding issues.

Recent Development of the VAD System and Need
for a “Next Generation” VAD System

To prevent the limitations, to date, the overall VAD system has been upgraded and still moving forward.
Moreover, substantial work and progress for the mechanical VADs have been attained and particularly
for the people having acute cardiac failure. To be precise, higher stability, simple pumping mechanisms
devoid of bearings oﬁew bearings and incessant advancement in the valves are the prime outcomes in the
modern day VAD system. Different VAD systems are currently available to the cardiac failure patients
(Arefin, 2015; Molina & Boyce, 2013):

HeartMate 11,

HeartWare HVAD,

Jarvik 2000,
MicromedCardioVascularHeartAssist 5,
Synergy LVAD.

Subsequently, different generations for the left ventricular assist devices have been found, as (Arefin,
2015; Garbade et al., 2011; Rodriguez, Suarez, Loebe, & Bruckner, 2013):

e  First Generation: Utilizes pulsatile pumps for the blood flow. VAD systems include numerous
moving parts, for instance: HeartMate I, HeartMate XVE and so on.

e  Second Generation: Utilizes continuous blood pumps/axial pumps such as: HeartMate II, Jarvik
2000 and many more.

e  Third Generation: Incorporates non-contacting bearings and continuous flow pumps/centrifugal
pumps such as: HeartWare LVAD, HeartMate I1I and so on.

Additionally, further improvements of the VAD system have been reported by Ostrovsky, 2006 that the
Myotech Cardiovascular was experimenting devices using an enclosure/cup on the outer surface of the
cardiac system which will aid the heart in contraction and expansion similar to the natural functionalities
of the heart. Moreover, this device includes a small outer control unit and stretchable/flexible polymer
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Table 2. Mechanical micropumps established on different actuation mechanism with advantages and

disadvantagei
Pump Author Principle Advantage Disadvantage

Electrostatic Nisar et al. e Coulomb luring force between two o Uses small amount of power, around e Composes of a
(2008), and opposite charged platers was the main 1mW and also quick response of time. miniature actuator stroke
Ashraf et al. cause of actuation for this pump. e By giving a voltage, the movement of and that is restricted to
(2011) the diaphragm can be guided quite nicely. | Sum including the given

voltage of 200V.

Piezoelectric Pol et al. o The exchange process between o Bigger rate of actuation and quick time o Needs greater input
(1990), mechanical energy to voltage (electrical response. voltages (around 100V).
(Pol van de, signal) and vice-versa is recognized as the | e Displays miniature stroke volume when
Lintel van, piezoelectric effect. the applied voltage is elevated.

Elwenspoek,
& Fluitman,
1990), and
Ashraf et al.
(2011)

Thermopneumatic | Pol et al. o Thermal expansion technique is the e Produces comparatively robust pressure | e The desired power
(1990), (Pol main cause of act for these micropumps. and movement of the membrane. needs to uphold always
van de, et al., over a specific level.
1990), and
Ashraf et al.

(2011)
Shape Memory Benard et o SMA shows two exclusive matters as, o However, theresistivity of these films o Bigger dimension.

Alloy (SMA)

al. (1998),
(Benard, Kahn,
Heuer, & Huff,
1998), Nguyen
et al. (2002),

pseudo elasticity and the shape memory
(SM) stimulation. Moreover, when an
outer effect is applied, then they can alter
their form.

is appropriate for the Joule heating.

This high temperature permits nonstop
electrical manipulation of the actuator
and at the same time, able to accomplish
elevated force and strains.

and Ashraf et
al. (2011)
Bimetallic Ashraf et al. e Bimetal indicates to an item, which o Needs small amount of voltage than o Not efficient when the
(2011) consists of two distinguished metals, other types of micropumps. frequency increases.
is linked as one. However, the thermal
expansion coefficients are dissimilar.
Tonic Conductive Nisar et al. o Polymer MEMS actuators can work ® Generally, this actuator is known as o The position/
Polymer Film (2008), and on aqueous surroundings including big artificial muscle due to its very flexible movement- control is very
(ICPF) Ashraf et al. deflection/movement and it need small movement, small amount of actuation complex.
(2011) amount power than the usual MEMS voltage and the biocompatibility.
actuators. e Demonstrates greater speed stimulation.
i
o Ideal for different purposes as, soft
gel actuators, servo actuators, integrated
sensor actuators etc..
Electromagnetic Nisar et al. o An usual electromagnetic micropump o This actuation is better and can e Actuation mechanism
(2008), and has a chamber including inlet and outlet encompass extended spaces than the depends on outer source,
Ashraf et al. valves, a movable membrane, a stable electrostatic actuation. for example, permanent/
(2011) magnet along with the coils. e Small amount of voltage is required. stable magnet.
o The power of an electromagnet can be o Excessive usage of
diverted by altering the flow of electric power and heat loss.
current using the coils.
Phase Change Nisar et al. o Consists one heater, a diaphragm along | e Comprises small amount of flow rate,
Type (2008), and with an efficient fluid compartment. which is necessary for the lab-on-a-chip
Ashraf et al. e The working theory for these actuators technology needing lower flow rate (not
(2011) is the vaporization and condensation more than few pl/min) along with the back

phenomenon.

pressure below 68.9kPa.

Optical actuation

Amirouche et
al. (2009)

o Light works as the source and it can be
changed into mechanical alterations.

e Biocompatible and can be handles
without any difficulties using outer fields.
o Promising for blood transport.

327

Proofing copy. Copyright IGI Global. May not be posted or distributed.


marefin
Inserted Text
Table 2 needs to be placed in page 325

marefin
Cross-Out

marefin
Inserted Text


Ventricular Assist Device and Its Necessity for Elderly Population

Table 3. Non-mechanical micropumps established on different actuation mechanism with advantages
and disadvantagei

et al. (1992),
and Nisar et al.
(2008)

using electric field operating
on stimulated charges in the
liquid.

e The conductivity of the
liquid for this micropump has
to be minimal and dielectric
at the same time.

example, water and feeble
electrolyte mixtures.
e Parts are fixed.

Pump Author Principle Advantage Disadvantage
Magnetohydrodynamic | Nisar et al. o Electrically operating fluid | e Highly suitable in order to | e Ionication effect
(MHD) (2008) in both magnetic and electric | driving fluid with superior creates bubble and it is
fields. conductivity considered as an obstacle
e Lorentz force is the prime o Highly useful for medical | for this micropump.
force for this micropump. and biological purposes.

Electrohydrodynamic Fuhr et al. o Conversion of electrical to e Able to drive the

(EHD) (1992), Fuhr mechanical energy is done by | conductive fluids for

et al. (2008),
Amirouche et
al. (2009), and

the capillary tube or other
microchannel.
e Also known as

for example: check valves.

Electroosmotic (EO) Laser et al. o The movement of the fluid o Functional voltage o A specific pH mixture
(2003), Laser in EO is stimulated by an is under 200mW and is needed for this
et al., Nisar applied voltage crosswise mechanical parts are fixed, | micropump.

(2005), (Yin
& Prosperetti,

and breakdown of the
bubble, produced in the

Ashraf et al. electrokinetic incident and
(2011) it is very useful to drive the
electrolyte mixtures.
Electrowetting Nisar et al. o Wettability alters when e Minimal usage of power
(2008) electric potential is employed. | and voltage, no fluid-
heating.
Bubble Type Yin and ® Driving outcome depends o Easy to manufacture and | e Wide usage becomes
Prosperetti, on the cyclic growth mechanical parts are fixed. | restricted if the procedure

of hearting is not
permitted or ideal.

(2006), (Guan,
Xu, Dai, & Fang,
2006), Nisar et
al. (2008), and
Ashraf et al.
(2011)

xylem transportation in the
trees.

e Regulated vaporization of
fluid is employed.

microfluidics system using
the chemiluminance (CL)
exposure.

e Easy to manufacture,
cheap, consist of reduced
shapes and above all
adaptable flow rates.

2005), and microchannels.
Nisar et al.
(2008)
Flexural Planar Wave Ashraf et al. e These micropumps o Minimal/low functioning
(FPW) (2011) functions ultrasonically. potential is essential for the
o The liquid- movement audio streaming.
stimulated by the FPW
can be manipulated for the
transportation of fluids.
Electrochemical Nisar et al. e Bubble force is produced e Minimal functioning o The bubble can get
(2008), and after the electrochemical voltage and power usage. smashed and as a result it
Ashraf et al. reaction in electrolysis. will produce water. This
(2011) water can begin an erratic
discharge of drugs
Evaporation Type Guan et al. o Similar working method as | e Especially built for the
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enclosure which are to be placed on the outer surface of the heart just in three minutes time (Arefin,
2015; Ostrovsky, 2006). Recently, wireless technology has been utilized by Leviticus Cardio and they
developed the wireless coplanar energy transfer (CET) system which is able to meet the usual require-
ments of energy of a VADs system. The group also mentioned that their innovative CET technology
would play a significant role in the advancement of the VAD system as it is less sensitive to the move-
ment of the body, minimum risk for skin-heating complications and very easy to implant (Arefin, 2015;
Cardio, 2014). Consequently, Free- Range Resonant Electrical Energy Delivery (FREE-D) System have
been utilized by Waters and his group and they tested this system with the axial VAD and VentrAssist
VAD. Their results show that these VADs could be controlled wirelessly by employing the FREE-D
system (B. H. Waters, Sample, Bonde, & Smith, 2012). They also mentioned that, for higher usability
with the VADs, this FREE-D system requires the inclusion of single frequency operation and superior
resonators (Arefin, 2015; B. Waters et al., 2013). Moreover, wireless power transmission in between the
source and an implantable device has been studied by Kim et al., 2012 (Kim, Ho, Chen, & Poon, 2012).
Also, Ho et al, 2013 investigated the idea of midfield wireless power system and demonstrated that for
a cardiac-implant (Arefin, 2015; Ho, Kim, & Poon, 2013).

CONCLUSION AND FUTURE RESEARCH DIRECTIONS

Technology certainly facilitates our daily life and it has also helped in the development of the micro-
pumps and sizes, including the flexibility to experiment and produce new types of VAD micropumps
and simultaneously minimizing the defects. It is yet to finalize to produce a pump which has low defects
overall, but the momentum is rapidly going towards it. Moreover, the cost is also a bigger issue, as many
patientsface difficulty due to much cost. Therefore, special attention needs to paid on minimize the cost
and make it available for long term use to people (Givertz, 2011). Moreover, these micropumps can be
converted into nanopumps for VAD systems; beeause; nanotechnology offers huge flexibility in terms of
fabrication, low cost, miniaturization etc. Arithis technology is still in research, however, it surely offers
a great promise and thus it will eventually help to make suitable VAD systems. Furthermore, one of the
new trends would be the power consumption; voltage has to be low and to use new actuation methods
or new materials(Amirouche et al., 2009). However, biocompatibility is another issueimd lot of works
are required to be performed in this area. In case of microchannel cooling and pumping system that
could dissipate heat, design of an efficient micropump is always tough and researchers can work into
this area as; As a whole, significant amount of research is required to find an appropriate VAD system
which can help the patients, especially the elders.Also, for the betterment of the VAD, some special
factors should be considered:

Small, thus it can operate both in adult and children;
Cost effective;

Can be easily constructed;

Low weight;

Portability;

Hemodynamics including no blood-clotting factors.
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On the other hand, people are specially focusing on the inclusion of wireless system which will certainly
minimize the driveline infections of the VAD (Arefin, 2015). Although, researchers have started working
on the wireless VAD system but it is still yet to be completed. With the inclusion of ‘next generation’
wireless power transfer method, the advancement of the VAD and artificial-heart-development system
holds a promising future (Arefin, 2015; Miller, 2012). With the inclusion of wireless electricity acting
as the source (Glass & Ponsford, 2014), wireless technology oriented control unit for different medical
devices and implants (HospiMedica, 2012) and also the wireless charging will be very imperative in the
development of different medical devices and various implants including the VADs in the near future
(Arefin, 2015). More recently, Prof. Morsi’s group in Swinburne University of Technology have been
working in the development of the next generation wireless VAD system. An enclosure is currently un-
der development, which will be placed around the cardiac system and it will be operated using wireless
technology (Arefin, 2015). VADs are particularly useful for those people who have cardiac complica-
tions and/or weakened cardiac muscle — mainly the elders. In a nutshell, the VADs are constantly getting
upgraded but still there are few complications which need to be avoided. Once these problems can be
evaded, especially the next generation wireless VADs, patients including the elder people will enjoy more
comfortable life. Also, with the advancement in the VAD micropumps and low cost, it weu-l-d—be#er-},ite
haﬂd-l-e-a-nican be widespread to poor people. Furthermore, Ti and Ti-based alloys have received ever-
increasing attention as biomaterials for VAD system due to their suitable biomechanical properties and
biocompatibility. Nonetheless, surface modifications of these alloys by suitable porous polymer is still
challenging task. Eventually, the manufacture and the technological control of the device together could
lead to suitable and efficient VAD for widespread community of heart disease especially elderly people.
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KEY TERMS AND DEFINITIONS

Biventricular Assist Device (BIVAD): It is identified when left ventricular assist device (LVAD)
and right ventricular assist device (RVAD) are placed and function together inside the body.

Cardiovascular Disease (CVD): It incorporates every possible disease and condition related to the
cardiac system and the blood vessel.

Coronary Heart Disease (CHD): It is referred to a condition of the coronary arteries which are
obstructed by oily materials/substances, known as ‘plaque’ or ‘atheroma’. The primary functionalities
of the coronary arteries are to assist circulating the blood and oxygen to the cardiac muscle.

Hemodynamic: It is referred to the conditions of the blood motion/flow.

Total Artificial Heart (TAH): Itis identified as a device which completely substitutes both ventricles
(i.e. left and right) of the cardiac system.

Ventricular Assist Device (VAD): It is a mechanical device which helps pumping the ventricles.

Ventricular Assist Device Micropump: It is a micro-sized pump which can be placed inside VAD
to assist it in performing total functionalities.
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