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Abstract
Title: Use of Poly Vinyl Alcohol (PVA) Cryogelation for Tissue Engineering:

Composites, Scaffold Formation and Cell Encapsulation

PVA cryogelation is a physical hydrogel formation methwlich yields cryogels

with comparable mechanical properties to vascular tissue. However PVA cryogels
are not suitable for cell attachment and proliferation alone. This can be overcome
by the development of composite cryogels. Moreover, cryogelation pesvid
unigue opportunity for encapsulation and storage of cells in-etep; if the correct
composite structure and gelation conditions can be attained. In this study,
PVA/Biomacromolecule composite cryogels were produced with a two step physical
crosslinkng (cryogelation and coagulation bath treatment) in the presence of
different additives and a novel procedure to produce cell encapsulated PVA
cryogels was developed for vascular tissue engineering. Also it was postulated that
the disturbed shear stress ool be used to facilitate endothelialisation of the PVA

cryogel surface.

The results demonstrated that, the two step gel formation method was beneficial
for degradation resistance and mechanical properties. All composites used
supported cell attachment angbroliferation, however PVA/Gelatin composites

were superior compared to the others. Endothelialisation of PVA/Gelatin cryogels
was achieved both under static and shear stress conditions with low levels of
apoptosis and steadgecretion of Nitric Oxide. Mvas shown that application of

disturbed shear stress dramatically facilitated endothelialisation of the cryogel

surface.

A general method of encapsulation via cryogelation was developed and robust cell
laden cryogels which promoted cell proliferation werbtained. Storage in frozen
conditions did not affect the viability of the encapsulated cells, which suggests the
prospect of safe longerm storage. Smooth muscle cédlden cryogels were also
able to support ceculture with endothelial cells. The ressilsuggest that the novel
encapsulation system developed is suitable for vascular and possibly other tissue

engineering applications.
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CHAPTER 1

1 Introduction

Tissue engineering is a promising technology that may provide solutions to a wide
range of pervasive medical conditions. The tissue engineering research field
represents an interdisciplinary effort to design, develop and manufacture artificial
tissues andin the long run, organs by combining engineering methodologies with
knowledge stemming from the biological scien¢glkos et al. 2006)Development

of such artificial tissues would be a giant step forward in implamd
transplantation technologs which are currently hampered by the lotgrm
unreliability of synthetic implants and by donor scarcity, respectively. These
products also promise to be useful experimental tools for researchers in both cell
biology and phanaceutical development by providing tisslike structures that
would enablein vitro testing of scientific or clinical hypotheses, involving therapies

or drugs, on controlled 3D biological environments.

The need and urgency for development of tissue ipegred products vary with
respect to target organ or tissuen some of the target tissuesuch as cartilage and
skin, tissueengineered products are mainly required for facilitation of the healing
process and improving life quality. However, such ahéncase of vascular tissue,
tissue engineering products are desperately needed as a rerfadigighly fatal
conditions. It kas been reported that each yearardiovascular diseases are
responsible for 22% of premature deaths in Ireland (Irish Heart Foiorda2009.

Although the percentage of the cardiovascular disease related deaths has been



decreasing for the last 30 years, still 4 out of every 10 death are related to a
cardiovascular @ndition. In a year, nearly 500 operations related to small
diameer vessel replacemerdre conductedin the U.S.A. alon@isenberg, Williams

& Tranquillo 2006b) If tissue engineering can overcome the limitasoof the
current surgical procedures, cardiovascular disease rélaeaths can be further

decreased.

As a way to imitate natural tissues, one philosophy of tissue engineering involves
the presence of a biodegradable scaffold onto which cells from appropriate sources
are seeded. After a suitable incubation time, tissike structures are formed
(Freed et al. 2006)The scalingip of this procedure would involve mass production

of scaffolds followed by storage, with cell seeding and culture conducted
immediately prior to implantation Another option would be to develop storage
methods for premanufactured engineered tissue, although this has not proven to
be very feasible in practice. In this context, a system, where scaffold production,
seeding and storage can be synchronized, with gbesibility of a single batch of
product being able to produce scaffolds with tunable functional properties, would

be desirable.

Hydrogels have been among the most versatile tools in the arsenal of biomedical
engineers(Brandl, Sommer & Goepferich 2007hey have been used as contact
lenses, in drug delivery systenfBeppas et al. 2000)and for immunoisolation
applications, and are now also the focus of much tissue nemging research
(Hoffman 2002) Successful applicationf hydrogelsn tissue engineerings due in

part to the possibility of encapsulating cells without adversely affecting their



viability to a signifiant degree.Most of the connective tissue in the body is
composed of tissuspecific cells encapsulated within a specific extracellular matrix
(ECM)compositionof their own secretion which has a complex functamented
structure (Goh et al. 2007)The robustness of this structure is one of the signals
that keep the cells in a certain phenotype and a change in structure, such as injury,
triggers a wide range of cellular responses. Since connective tissue applications are
an important part of the wder tissue engineering efforts, special attention should
be given to this property. Entrapment of cells in a swollen hydrogel structure is a
good imitation of celimatrix interaction undern-vivoconditions. Therefore, as long

as cell viability, functiomnd the mechanical properties of the final hydrogel can be
ensured, this is prospectively a viable approach for the production of tissue

engineering constructs for connective tissues.

Tissue engineering investigators have long sought to incorporate thrextefiof
physical strains and stresses on d&haviourinto their protocols(Barron et al.
2003) These stimuli might be used either to imitate the physiological environment
or to replicate injury situations. Thia vitro conditions under which an engineered
tissue is produced and the physiological environment with which it will interact
after implantation are different. Although this fact generates some technical
problems, it can also be utilized to produce scaffoldsch are more adaptable.
One of the advantages ofi-vitro scaffold culture is the ability to impose a wide
range of possible stimuli. These stimuli can be at physiological levels, or,
alternatively, subor supraphysiological stimuli levels can be saéégtwhen cellular

response to such extreme conditions might have short term benefits.



Tissue engineering scaffolds have to be biocompatible, -aydotoxic, and
preferably biodegradable and should have the necessary mechanical properties to
withstand the plysiological stress and strain conditions of its target tissue
(Suuronen et al. 2005})-or thick tissues (above 500 um in thickness) it is important
to populate the whole scaffold structure with the celdalda, Klein & Upton 2007)

To achieve this, two approaches are possible; either seeding cells evenly on to a
porous scaffold which would enable cells to migrate and inhabit all available
surfaces on and within the scaffoldr encapsulation of cells which are evenly
distributed in a polymer solution which upon a certain treatment (such as
photocroslinking, physical crosslinking or nogtotoxic chemical crosslinking)
would turn into a hydrogel which contains cells withia & dimensional structure.

The advantages of encapsulation include lesser dependence on cell migration and
the immediate presentation of an extracellular matrix like environment to the cells
from the start of the culture. In porous scaffolds, pores neeade¢ filled by the

cells own secretion for the generation of a tissue like structure.

1.10bjectives of the Research Project

This study focuses ooharacterisationand utilization of PVAased cryogels for
vascular tissue engineering. The basis for thisaesh is the propositiorthat
combined hydrogels of PVA with appropriate macromoleculegh would provide
bio-functionality can act as scaffolds which exhibit surfaces conducive to
endothelial cell attachmentdisplay appropriate functional mechanicaloperties

and degradation profiles for blood vessel applications, and successfully transmit



mechanical and biological cues which promote viability and functionality of

encapsulated vascular smooth muscle cells

It is anticipated that the preparation of suttydrogels by cryogelation of cell laden
poly vinyl alcohol solutions, which involves freezing them to the-zrrb
temperatures also necessary for cell storage, would ultimately allow the final
functional properties of any given scaffold to be fiwmed by control of the

thawing process immediately prior to use.

Since a physical crosslinking method is proposed for a composite system, an
additional physical crosslinking might be necessary to ensure the retention of the
additives within the cryogels. Fohis end, coagulation bath treatment, another
physical crosslinking method that works through precipitation of polymers via
solvent/nonsolvent interactions can be utilized. This method has not previously
been considered as a reinforcement technique; thuededs to be evaluated for

this approach.

To test this proposition, the following key steps were taken:

1. The effect of the number of freezhaw cycleon specific PVA/Chitosan
cryogel properties with respect to cellular behaviour was determined, to
extend the previous body of work in this aré®lathews et al. 2008)In
light of these results, the question of whether other biomacromolecular
additives could also be used was answered via assessmenteif @f
three candidate natural macromolecular additivgshitosan, Starch and

Gelatin)for use in combined hydrogels with P\WAoreover,coagulation
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bath treatmentas a reinforcement method was quantified, and its effect
on composite cryogel properties &l as mechanical, degradation,
protein adsorption, and cell attachment was measured. Calhsisof
this experimental body of workone PVA/biomacromolecule hydrogel
composition was setged for further investigation.

2. A detailed investigation of the healtof the endothelial lining and its
behaviourunder static and turbulent shear stress conditions, typical of
flow conditions at anastomosis amga on the selected
PVA/biomacromolecule composite was performed. The possible positive
effects of disturbed sheastress induced by oscillatory flow were
assessed.

3. A novel cell encapsulation technique was developed, utilizing the
cryogelation capability of PVA, to enable the storage and subsequent
formation of cryogels with mechanical properties open to finaing by
adjusting the thawing rate and the gel components. The mechanical and
biological performance of cdlhden hydrogel scaffolds was
experimentally evaluated under cyclic strain conditions.

4. Finally, ceculture of encapsulated smooth muscle cells and ehdbal
cells was performed and the optimal conditions for commencing

endothelialisatiorof the cell laden cryogels were determined.

The first stepstarted with PVA/Chitosan cryogels and initiatlye effect of
utilization of the coagulation bath on theggroperties was examinedlhen the

effect of increasing the number of freetieaw cycles on physical properties of the



cryogels was evaluated. The next stepolved production of P\AAased cryogels
using 3 different biomacromolecular additives (Chitosamaych and Gelatin), and
then characterizing the mechanical properties, degradation, water content, surface
hydrophilicity, protein adsorption capability and surface morpholdgy phase
contrast microscopy and scanning electron microsg¢opkiese crggelswere then
compared with respect to their ability to support endothelial cell culture on their
surface and also their ability to encapsulate smooth muscle cells. One of the
candidates was selected due to its overwhelming superiority in several items listed

above.

The second step involved the formation of an endothelial lining on the selected
hydrogel under both static and dynamic conditions. For this purpose, the
characterisatiorfocused on metabolic activity, proliferative capacity, apoptosis and
expressia of celtcell contact proteins which are important either for activation or
support of the endothelial liningResnick et al. 2003Yhe shear stresses created
under oscillatory flow conditions are known to indéca higher endothelial cell
proliferation rate(Chien 2008a)n the current studythis effectwas investigated as

a possible route to facilitate endothelial lining formation. The analyses used were
(i) Alamar Blue pideration assay, (ii) Flow assisted cell sort{fRr\CS¥ystem for
proliferation and apoptosis analysis, (i) Reale RFPCR for determination of the
selected target protein expression, (iv) Griess method for determination of the

Nitric Oxide releaseybthe endothelial cells and Fluorescence microscopy and SEM.

The use of cryogelation for smooth muscle cell encapsulation is new, and

necessitates other additives to ensure long term cell viability. The encapsulation



system was optimized for a wide rangé marameters such as thawing rate, PVA
viscosity and concentration of serum and cryoprotectants by utilization of factorial
and BoxBehnken experimental designs which make it possible to see the
interactions between different parameters. These allow thevelepment of
response models. Also, the effect of cyclic strain and -teng storage on
encapsulated cells ere evaluated. Cell viability was assessed by Live/Dead cell
viability assay and Alamar Blue. Cell morphology and hydrogel structure were
observed with SEM, phaseontrast microscopy and histology. The mechanical
properties of the gels in the presence and absence of the smooth muscle cells were
determined by uniaxial tensile tests. Finally, to ensure that the cryogels with
encapsulated cells would pport endothelial lining formation, coulture

experiments are undertaken.



PVA based hydrogel preparation and
characterization

U

Characterization of endothelial cell behaviour :
under static and dynamic conditions on the
selected hydrogel

Selection of the optimal composite based on
physical properties and cell behaviour

Development of an encapsulation and storage
method for smooth muscle cells with the

selected materials &

Evaluation of effect of strain and
Endothelial/Smooth Muscle Cell €alture

Figurel.1 The scheme of experimental procedure followed in this study



CHAPTER 2

2 Literature Review

The following literature review deals with the reasons behind the necessity for and
widespread use of vascular grafts, their shortcomings and the challenges these pose
to scientists, engineers and clinicians. The structure of vascular tissue is briefly
explained to understand the structures that need to be imitated with the artificial
tissue constructs. Then, tissue engineering and specifically vascular tissue
engineering is defined and the achievements and methods in the field are briefly
discussed. Afterreviewing the available vascular tissue engineering scaffold
structures, hydrogels are taken into focus and their physical properties, their
capability to encapsulate cells and their feasibility as vascular tissue engineering
scaffolds is introduced. Figl mechanotransduction and its specific importance to
vascular tissue (pulsatile blood flow induced shear stress and cyclic strain) and its
possible uses for vascular tissue engineering are reviewed. This sets the background
for why smooth muscle cell eapsulation and endothelialisation of the hydrogels
are important, what kind of physical advantages are inherent to the hydrogels and

how these can be exploited for vascular tissue engineering.

2.1 Cardiovascular Diseases and Current Remedies

Cardiovasclar diseases are the leading cause of death in the world, especially in
Western countries. Worldwide deaths related to cardiovascular diseases were
estimated by World Health Organisation (WHO) as 17.5 million in 2005, which

comprises nearly 30% of all reded deaths (Figure 2.1). Specifically when Ireland
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is considered, WHO statistics showed that 123,000 out of 312,000 deaths (nearly
40%) in 2002 occurreffom cardiovascular diseases. For 2007, the Irish Heart
Foundation reported similar percentages (36%)side from fatal conditions,
cardiovascular system related surgeries are one of the most frequent type
conducted. Because of this, together with the frequency of secondary surgeries,
vascular health has become one of the most investigated areas in metidal
biomedical scienceéBirla et al. 2004)Occlusion of the vessel lumen due to the
accumulation of fat deposits (atherosclerosis) or muéissel dysfunctions, such as
intimal hyperplasia, render the vasculaé dysfunctional. Surgical intervention then
becomes essential, especially in conditions such as myocardial infarction or critical

limb ischemigBrewster et al. 2007)

Other Chronic
Diseases

Cause of Death

Injuries 9%
9% Cardiovascular
Diseases

30%

Figure 2.1.Cause of death statistics in 2005. 30% of all deaths worlc
were due to cardiovascular diseas@he gaph was obtained from Wor

Health Organization website.
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The number of bypass surgeries is already in the several millions around the world
and the need is constantly increasing. For a significant group of patients, no
autologous arteries or veins are availab(€ampbell, Campbell 2007)This
incredible level of demand hinders, in some cases, the capabilitissirgeons in
procedures such as coronary artery-jpgss, since the availability of donor tissues is
scarce (Figure 2.2). Normally, autografts are used as the golden therapy method,
and with considerable success. There are some available donor sites hrtien

body (mainly saphenous vein, radial and internal mammary arteries), but in elderly
patients these vessels might be unsuitable due to trauma, previous surgeries or
vascular diseases such as varicose. Moreover, even after successful surgery, a graft
may not function properly, due to compliancy problems, in which the mismatch in
the extensibility of the natural vasculature and the synthetic graft material causes
severe flow disturbance which in turn can lead to significant cellular response
(Sarkar et al. 2007)such as intimal hyperplasia formation or thrombosis. In fact,
vein grafts have only 50% patency within 10 years of implantaiiannan et al.
2005) Allografts (vesselsetrieved from other humans for implantation) and
xenografts (vessel obtaed from other species such agy) face similar problems,
and complications related to them are compounded by the risk of disease
transmission and chronic inflammatory response,ickhmight necessitate further
surgeries.An attractiveoption is the development of artificial vascular grafts that
would replace current grafts and more importantly would provide surgeons with
readily available implants, which can be tailnade and wouldbe without the

problem of scarcity.
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Blockage in right coronary artery

Blocked coronary
artery

Vein graft sewn in to
bypass blockage

Blood deprived
region of heart

FADAM.

Figure 2.2Arterial bypass procedure) Blockage of coronary artery causes nutrient
oxygen deprivation of the heart muscle, which causes necrosis and dysfunction-
pass procedure to solve coronary artdipckage. An autologous graft (Saphenous ve
this case) is used thterally by-pass the blockage and -drect the blood flow and r«
establish the nutrient and oxygen flow to the heart muscle. Although highly succ
this proceduremostly dependson the availability of the autologous graft, which is
available in a big portion of cases. Images obtained from USA National Institute of

Website, Medical encycloped{@ww.nih.com).

Artificial vessels without any biological components (such Racron, ePTFE
(Expanded polytetrafluoroethylene), Polypropylene or Polyurethane based vessels)
have been used as vascular grafts with limited success. Although they can be
rendered relatively compliant, the biggest problem with these artificial vessels i
thrombogenicity and neointimal hyperplasia formation, both of which can, in the

long run, cause occlusion of the vessels due to thrombus formation and may
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necessitate further surgical intervention€larke et al 2001) Thrombogenicity,
which can be defined as the proclivity of a material to induce blood clot (thrombus)
formation when coming into contact with blood can be decreased for synthetic
materials by surface coatings or use of smoother surfaces, biyt tona certain
extent. The surface would be still thrombogenic and this imposes a risk on long
term viability of the graft, especially for small diameter grafts where occlusion is
much easier. The main reasons behind surface thrombogenicity are serusirprot
adsorption, surface affinity to cellésuch as plateletsand surface roughness.
Attachment of thrombogenic proteins and subsequent platelet attachment das
positive feedback loop andubsequently the accumulation grows exponentially.
When the graft arface is big enough (for wider arteries) this accumulation may not
reach to a degree where the blood flow can be hindered. Thus this may be the
reason why even though these artificial vessels are successful as large diameter
substitutes, their utilizatiorF 2 NJ aYIl f f RAFYSGSNI 9SaaSt NBL
patency(Sarkar et al. 2007 hese facts, together with parameters such as flow
rate , the flow regime of the target artery environment compounded with the
patientQ @wn blood individual specific tendency to form clots, make it really hard to
assess the feasibility of the artificial grafts for a given implant conditiapez

Soler et al. 2007)These problemsvere the driving force behind development of
less thrombogenic vascular graft surfaces to obtain long term patency. Recently, it
was shown that biologically derived graft materials, such as umbilical cords, suffer
from similar thrombogenicity issues anceaintimal hyperplasia formation, even
though they are better for cell recruitment and integration, i.e. formation of a-neo

endothelial lining on these grafts has a higher probab{&gharn et al. 2006)To
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improve integration ability, synthetic grafts are implemented with several features
such as a double velour knitted surface design to provide the necessary area for cell
migration, hence improving integration with the surrounding vascular tissue

(Figure2.3).
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Copyright @ 2005 Boston Scientific Corporation. All rights reserved. Copyright © 2005 Boston Scientific Corporation. All rights reserved.

Figure 2.3Arterial graft design. Hemashield Platinum Dacron based double velour gt
arterial surgeries produced by Boston Scientific Inc. A) Graphical representation
grafts after implantation b) SEM micrograph of Surface structure (Doubteiveloven
for improved inegration of the graft with the target vessel (Obtained from Bo

Scientific Inc website www.bostonscientific.com).

One way to circumvent the thrombogenicity problem is the development of graft
surfaces that are less thrombogenand more conducive to endothelial cell
migration and proliferationBirchall, Lee & Ketharanathan 2001 this way, the
interaction of the graft surface with the blood can be kept minif@uy et al.
2003) It has been suggested that this problem can be overcome by covering of the
lumen surface of the artificial vessels with autologous endothelial cells. There was a
significant increase in shetérm and long term patencgf the grafts via this route

(Meinhart et al. 2001, Deutsch et al. 2008)owever, problems such as the degree
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of coverage and the strength of adhesion of the endothelial cells onto the &atific
lumen surface still remain unsolvedth-vitro experiments showed that physiological
level shear stress can cause detachment of endothelial cells from the polymer
surfaces, thus exposing the graft surface to the blood flow. This can potentially be
prevented by coating the lumen surface with cell adhesive proteins but no
conclusive results have been obtained via this ro(@en, Barron & Ringeisen
2006) This lack of success is mainly due to the limited graliive and migratory
capacities of the endothelial cells and their mode of migration being two
dimensional, which makes it nearly impossible to cover the whole area presented
by an artificial graft. This can be overcome by the body by recruitment of aiimog
endothelial progenitor cellswhich have high proliferation rates and can achieve
fast lumen coverag@Melero-Martin et al. 2007, but the rate of this process versus
the rate of platelet and fat deposan or intimal hyperplasia is difficult to control,
unless with the inclusion of growth factor delivery systems (such as FGF) or gene
delivery systems within the implarfErerich, KurtzHoffmann & Lindemann 2005)
Moreover, these polymers are not very permissive to tissueggrowth and
remodelling, and thus a total healing of the vasculature is impossible in their

presence.

In short, what is expected of a functional synthetic vascular prosthesis could be
impossble to achieve with a mere synthetic solution. Theged to be norn
thrombogenic, hamocompatible, fatigue and creep resistant yet compliant enough
not to disturb the blood flow at the integration sites. It seems that the ideal

solution for future generatin of vascular prosthesis is to integrate cellular
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componentsto better imitate the functionality. For this end, it is crucial to have an

understanding of the structure and behaviour of the vascular tissue.

2.2 Structure and Composition of Vascular Tissue

Vascular tissue is composed of two main vessel types, arteries and veins which have
different morphologies due to their different functions. Arteries are responsible
from distribution of the oxygenated blood, whereas the veins function is the
collection of the deoxygenated blood back from organs. These functional
differences result in physiological differences too, such as higher burst strength for
arteries and the presence of valves within veins for prevention of flaek of the

blood. The vascular healttelated problems are nearly always related to arterial
dysfunction. There are two categories of arteries, elastic and muscular. Elastic
arteries are the large diameter ones such as the aorta in which smooth muscle cells
are accompanied by several elastiminae. They are located proximal to the heart.
Muscular arteries are smaller in diameter and their tunica media is mainly
composed of smooth muscle cells and ECM. Their location in the vasculature is
more peripheral. Arteries close to the heart are thaskd more compliant whereas
further along the circulatory system, they become stiffer and thinner. Arteries are
composed of three layers, intima, tunica mediadatunica adventitia (Figure 2.4

The thickness and the composition of each of these layersggsathroughout the
arterial tree due to the different pressure conditions present in the respective

areas.
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Blood Vessels
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Figure 2.4General structure of Arteries, arterioles and capillaries. The three
structure of arteries, endothelium oriented in the direction of blood floesiding on
basement membrane andcircumferentially oriented Smooth Muscle cells v
interdispersed elstic tissue and the outer fibroblastic coating. For arterioles both e
tissue and the outer coating(tunica adventitia) is less prominent due to less dem

loading conditions and for capillaries they are rmxistent (Sherwood 2001).

The intimastarts with a single layer of squamous endothelial cells which are
elongated in the direction parallel to that of blood flow. They sit on a basal lamina
which in turn lies on a subndothelial layer (this layer is more evident in highly
elastic arteries).The tunica media is populated by smooth muscle cells. In the
elastic arteries, it is formed of alternating elastic laminae and smooth muscle cells
in a circular arrangement. The main components of its extracellular matrix (ECM)
are collagen and elastin.h& concentric arrangement of the fenestrated elastic
laminae which are connected to each other with elastic fibrils is the reason behind
the resilience and strength of elastic arteries. Smooth muscle cells within the
framework are elongated cells with seaé extensions with a defined orientation.
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The structure is held together by a fibrillar collagen network and
mucopolysaccharides. This network structure provides the means to resist both
longitudinal and lateral forces by the tunica media. The tunica aile is a
collagen rich fibroelastic tissue. The nutrition of the vascular wall is supplied by
vessels coming through the adventitia and it also contains innervations. The main
function of adventitia is the stability and connection of the vessel to the

surrounding tissueRhodin,1980).

The media layer is rich in collagen type | and Ill, elastin and several proteoglycans.
In this structure, the presence of the collagen fibrils contributes to the strength of
the vessel and the elastin molecules render lastic (HeydarkharHagvall et al.
2006) This structure is important for the laminar flow of blood within the lumen
and the control of blood vessel diameter as a response to hormonal or neural
stimulations.Another role of the ECM is the sequestering of soluble biochemical
signals(Noh et al. 2006 HeydarkharHagvall et al. 2006)The load due to the
pulsatile blood flow is minly borne by the media layer. Vascular tissue is composed
of nearly 70% water, and hence resists volumetric compreséraattie, Fisher

2007)

2.2.1 Endothelial Cells

The endothelial lining is a single layer efl€ covering the interior surface of the
vessels, and is responsible for the antithrombogenicity of the inner surface, the
response of blood vessels to injuries and the blood vessel activity control through
secretions. The endothelial cells control blododmeostasis, regulate the transport

of materials from and to blood, smooth muscle cell proliferation and fibrinolysis
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(Table 2.1). Thus coverage of the inner vessel wall with a healthy, confluent
endothelium is very important. The absence of an intact éhdlium was shown to
induce conversion to the synthetic phenotype for SMCs, which means that smooth
muscle cells will proliferate more and secrete more ECM proteins due to lack of
controlling signals by endothelium, and to play an important role in oartusi the
artificial grafts due to intimal hyperplasi@dDeutsch et al. 2008)A healthy
endothelium prevents initiation of the coagulation cascade. Their most
distinguishing structure is their cobblestone like shapd #heir wide range of cell

to cell adhesions. Under normal conditions endothelial cells secrete the
anticoagulant thrombomodulin, but in case of an injury they start to express pro
platelet adhesive proteins such as selectins. They react to shear syréssrbasing

their surface area through spreading. Aside from shear stress it has been shown
that the surface topography of the basement membrane plays an important role in
the behaviour of the endothelial cells. The nanometre scale roughness of the inner
surface of the vessels is said to be an essential aspect of the endothelial lining. This
roughness is provided by the basement membrane secreted by the endothelial

cells
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Table 21 Functions of Vascular Endothelial Q&svies 2009, She, McGuigan & Sefton
2007, McGuigan, Sefton 2007)

Function Mode of Action Agents
: Nitric Oxide, Endothelin,
Vascular tone Change in SMC morpholog _ _
Angiotensin
Von Willebrand factor,
Bloodclotting, fibrinolysis Platelet activation
Thrombin, Plasmin
: Leukocyte and platelet Complement system,
Inflammation - _
activation Selectins

o Proliferative, anti _
SMC activity o NO, prostoglandin
proliferative

Transportation Barrierfunction Surface proteins
Collagen type IV, laminin,

ECM secretion Basement membrane .
heparin sulphate

Endothelial cells are the first surface to be in contact with blood and they sit on a
very thin basement membrane (420 nm). The basement membrane is composed
mainly of collagen type IV, type V, laminin and heparin sulphate which are arranged
as fibres.The lining also acts as a secretory tissue in the whole body with abilities to
direct smooth muscle cell and blood cell responses and the onset of coagulation
and inflammation. Some of the secretions that are important -dmtombogenic or
fibrinolytic fadors include Nitric Oxide, progicyclin and tissue plasminogen

activator(Bachetti, Morbidelli 2000)

Endothelial cells act as a first line of response to the changes in shear stress due to
0KS 0f22R Ff26Y S6KAOK | FFSOU SYR20GKSt AL f
causes changes in smooth muscle cell behaviour. Modulation of thrombosis is
achieved through expression of several surface positive or negative feedback

molecules (McGuigan, Sefton 2008) Endothelial cells express PECAM
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(Platelet/Endothelial Cell Attachment Moleculehen they are in contact ahare
forming tight junctions. Thus PECAM expression is a good indicator of integrity of
endothelial lining. Some other surface proteins such as |C#iNercellular
Adhesion Moleculeand VCAMVascular Cell adhesion Moleculehich are mainly
related to endotheliumleukocyte interactions caralso be used to assess the
health of endothelium, since they are expressed at a constant level under normal
physiological conditions. Another protein that can be used to evaluate the
endothelial lining is von Willebnd factor which is a protein that has an important
role in coagulation cascade but is also expressed constitutively. Another important
role of endothelial lining is the secretion dlitric Oxide (NO) which has several
functions such as vasodilatation, ibition of vasoconstrictor signals and
prevention of platelet adhesion and also airtflammatory and antproliferative
functions. Antiproliferative functions are important for the prevention of intimal
hyperplasia due to the overgrowth of smooth musclels It was shown that
endothelial cells respond to the underlying basement membrane or the coating of a
tissue culture surface with cell attachment promoting molecules with a decrease in
apoptosis and the maintenance of atfirombogenic phenotype. Thiss an
important parameter that defines that the culture conditions have a strong effect

on the behaviour of the endothelial ce(Brasad Chennazhy, Krishnan 2005)

Pro or antithrombogenic effects an be affected bythe presence of shear stress
but also by the substrate on which endothelial cells are grown; i.e. the strength of
adhesion of endothelial cells and their ability to spread on the substrate surface.

For a tissue engineered blood vesselge tendothelial lining should be in a
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phenotypic state in which it prevents blood coagulation, so it is important to check
signals and effects that triggaroagulation, complement activation and blood cell

activation.

Endothelial cells have a cobblestone ghaipon confluence in a tissue culture plate
and their rate of division is much higher compared to thatretivo rates. Their
presence is important for preventing platelet adhesion since platelets can easily
attach to a denuded area of endothelium whetbey can interact with the
underlying basal lamina. One of the active-bignal that has an important role in
homeostasis of the vasculature is Nit@zide (NO) It is a free radical with a wide
range of functions in multicellular organisms; specifically vasculature
upregulation of NO synthesis results in vasodilatation by directly affecting vascular
smooth muscle cells. In the vasculature, NO synthesised by endothelial cells from
arginine via the enzyme calledNOS (endothelial nitric oxide synthasdlO can

also act as manti-proliferative signal for vascular smooth muscle cells during the
remodelling process. NO also prevents platelet adhegibnahim, Ramamurthi
2008) NO synthesis can be affected by thegence of shear stress. Shear stress

and cyclic strain are known to increase the expression of NO by upregulating eNOS.

2.2.2 Smooth Muscle Cells

The tunica media, populated by smooth muscle cells, is responsible for vascular
tone/diameter and, in this sese; highly differentiated smooth muscle cells are
responsible for the dilatation and oetriction of vessels. This is halaey regulate
blood pressure and the distribution of blood flow. Smooth muscle cells appear in a

helical pattern mainly in the circuierential direction. This orientation is important
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for the vasoconstriction/dilation cycles and also for the mechanical strength of the
vessels. They are also very sensitive to strain and dynamic culture experiments have
shown that smooth muscle cells beane more oriented under such conditions. Cell
proliferation is also affected by the application of strain. They have fibroblast like
highly orientated shapes which are closely related to their function (Fighje the
vascular tissue is a stable tissughich means that it can heal. This is possible due

to the phenotypic plasticityf smooth muscle cells; whiamables them to switch
between a wide range of phenotypes with distinct characteristics; defined as
contractile and synthetic phenotypes for theva extreme conditions(Owens,

Kumar & Wamhoff 2004)

2.2.2.1 Contractile versus Synthetic Phenotype of Smooth Muscle Cells

Smooth muscle cells are mostly in the quiescent, contractile stage under in vivo
conditions. However upon injury, they convert to a more synthetic phenotype
resulting in cell proliferation, enzymatic degradation of ECM and remodelling via
newly secreted etxacellular matrix. When grown undean vitro conditions, SMC
generally exhibit this carersion and proliferate. This mainly related to the static
culture conditions which are very different from the native vessel environment
where there is constant sttching and radial distension due to the blood flow.
These effects are sensed by SMCs through the interaction of their integrin mediated

connections with the extracellular matrifowens 2007)
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Figure 2.5Generl smooth muscle cellSpindlelike appearance of Smooth mus

cells with elongated cytoplasm in the direction of strain and also elongated 1
ECM secretion, collagen, follows the same pattern t@Obtained fron
www.uscf.edy Histology Lecture Series, bladdeb)eft Inset) Appearance
vascular smooth muscle cells during explants culture (Obtained
www.strath.ac.uk) Right Inset) Single GFP transfected smooth muscle cell (O

from Nature Cell Biology, wwwnature.com).

There are very notable differences between contractiie and synthetic SMC
phenotypes, such as increased smooth muscle actin expression in contractile cells
and a pronounced increase in the ECM molecule synthesithensynthetic
phenotype. Howver, this phenotype conversion is not like a Boolean switch. It is
more similar to a continuum of several phenotypes with differing degrees of
contractile or synthetic properties. Mostly, maintenance of the contractile

phenotype is dependent on the sheatress and pulsatile flow conditions and
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biochemical signals, such as growth factors and/or the presence of ECM
components (like GAGS). It has been shown that cyclic strain and shear stress are
crucial for the well being of both endothelial and SMOsvens 2007) SMCs align
themselves in thecircumferential direction, in order to bear the stretching
(Standley et al. 2002)This obviously has an effect on their phenotype and

subsequent behaviour.

Another aspect of the SMC phenotype is the relation between the phenotype
conversion and the ECM molecules. Several studies have been carried out in order
to determine their effect. It has been shown that presence of collagen typell a
fibronectin tend to trigger the synthetic phenotype, whereas components of the
basement membrane, such as collagen type IV, laminin or elastppressed the
synthetic phenotype. However, such effects also show variation between 2D and 3D
cultures. Forexample, even though collagen coatings increase the synthetic
phenotype expressions, it was shown that cell proliferation was slower for cells
encapsulated in a 3D collagen gehenotype change from contractile to synthetic

is important in atherosclerosiand restenosis. The main markers of the contractile
aY220K YdzaOfS LKSy2(ieéLIS NP &aYz22GK Ydzao

chainisoforms(Halka et al. 2006)

The modulation of smooth muscle cell phenotypdliiectly related to the tone of
the underlying ECM. The mechanosensing capability of smooth muscle cells dictates
the phenotype through sensing strains due to the pulsatile blood fli®ong et al.

2005)
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The wide rage of functions of both endothelial and smooth muscle cells indicates
the reasons behind the shortcomings of purely synthetic grafts andeed to
incorporate these cellular components in the future implant. Tissue engineering

offers a method for achievintpis goal.

2.3 Vascular Tissue Engineering

As a suHield of tissue engineering, vascular tissue engineering deals with the
production of bicartificial implants that can replace arteries functionally and in the
long run integrate with the host artery tatly. This is planned to be achieved by
successful culturing of arterial cells on biodegradable natural or synthetic scaffold
materials which would endow the system with its mechanical properties and
provide the arterial cells with a template to reproduttee 3 dimensional structure

of arteries(Wang et al. 2007) For this end porous matricesther produced via
decellularigtion of tissues or manufactured from synthetolymerssuch as Poly
Glycolic acidPGA), Poly tic acid(PLA) or from natural polymessich as collagen
and fibrin havebeen used to promote smooth muscle growth and tunica media
production (Cetrulo 2006, Thomas, Campbell & Campbell 20@8¢r maturation

of the medial partthe inner surface is seeded with endothelial cells.

2.3.1 Aims and Requirements of Vascular Tissue Engineering

Vascular tissue engineering has three main aims. The first is the provision of a
biological alternativeto autografts and allografts used icurrent surgical

procedures which is functional both structurally and biochemically, and is readily
available or can be produced in a short time interval. The second goal is to develop

in vitro systems that imitate the atural blood vessels with high fidelity, so some of
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the research on cardiovascular diseases can be conducted on these systems and the
final aim is to manufacture small diameter artificial vessels as complementary
structures within the tissue engineeringadtolds for other target tissues in order to
facilitate and improve revascularization. Although great achievements have been

attained in the past, none of the stated goals have been fully realized yet.

The reason behind the relatively low level of successr rather low level of
successful clinical outcomeare the onerousrequirements for a functional vascular
tissue engineering product. Aside from the general prerequisites of biocompatibility
and infectionresistance; as blood contacting materials, facial arteries should be
thromboresistant, with log term mechanical reliability ik resistance, burst
strength, compliance, sutability) and on top of that theyshould also act as a
secretory tissus via the endothelid lining and be able to respona tmechanical

and neural stimuli by being able to change its diamegf€homas, Campbell &

Campbell 2003)

There are some additional problems related to the engineering of the vascular
tissue which are not encountereth other tissue engineeringpglications. The
biggest issuas the necessity of the immediate functionality. Unlike other tissues
such as bone, cornea or cartilage, the tissue engineered vessel does not have an
opportunity to remodel prior to assuming fullinctionality following implantation.
Since it is linked to the circulation, it is required to function as a circulatory element
immediately. Moreover, integration of the artificial tissue with the host body
happens under very dynamic conditions in theeaf vascular tissue engineering,

making design of such prostheses quite difficult. Moreover an unsuccessful attempt
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can lead to several complications, such as formation of thrombus on the implant
that may compromise the webeing of circulatory systenThus, the design and
production of an artificial vessel is a very sophisticated procedure. The mechanical
demand on the scaffold is perpetual, and this demand might not be met by the
secreted ECM especially if the application will utilise autologous feceits elderly

patients, which are limited in capacity to grow and secrete.

2.3.2 Methods and Achievements of Vascular Tissue Engineering

There are three maimapproaches tovascular tissue engineeringhe frst is
utilization of scaffolds which are populatewith arterial smooth muscle cells.
Populationis achieved mainly through two routes; cell seeding at the beginning of
the cell culture or encapsulation of the cells within the scaffold structure. As for
scaffold material, te main choices are decelluisgd natural tissues (xenogenic
arteries or small intestine submucosa) or manufactured synthetic or natural
polymer based structuregKakisis et al. 2005)As for scaffold forms the main
choices are porous foasn or hydrogels, mainly for encapsulation purposes.
Generally, seeded scaffolds are conditioned in bioreactor systems under pulsatile
flow to imitate the effect of blood flow(Ilsenberg, Williams & ranquillo 2006,
Buttafoco et al. 2006)The second approach is to uge patient@ own body as a
bioreactor for production of the artificial vessels and a third option is the
scaffoldless systems which rely on the triggering of ECM secretion ctipabili

the smooth muscle cells and fibroblas{8aguneid et al. 2006 Below, the most

prominent examples of these methods are discussed.
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The first successful example of vascular tissue engineering has been demonstrated

by Weinberg et al in 198@/Neinberg, Bell 1986)They used bovine originated cells

in collagen based hydrogels and after a lbegn culture vessel like structures

were obtained, albeit with low strengtfFigure 2.6) Their model was quite strong,

since it had all three cellular components (endothelium, SMC layer and the
fibroblast layer). However a Dacron mesh was needed as a meahatabilizer.

hG§KSN) yIFddzNI £ LR2fe@YSNERS SaLISOAFft& FTAONN
own blood so would be less immunogenitave also been successfully used in

similar schemegHelm, Zisie & Swartz 2007, Mol et al. 2005)

solution of
monomeric

collagenifibrin
and SMCs compacted remodeled

construct construct

agg

nonadhesive mandrel alignment of SMCs an

gelled leads to circumferential collagenifibrin fibrils
nonadhesive collagenifibrin with  alignment of SMCs and leads to alignment of
mandrel entrapped SMCs collagenﬂlbrln fibrils smciroduced ECM

Figure2.6 Step by step production of Weinberg Bell arterial model. Even thougt
quite beneficial for smooth muscle cell circumferential alignment, it saffesm lack ¢

physicaktrengh due to the weakness of the starting collagen didsnberg 2006)

An option to overcome the physical limitations of the natural scaffolds yet having

natural components is to utilizdecellularied vessels, which have been used with
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limited succesgKerdjoudj et al. 2006, Matrtin et al. 200%)ecellularied scaffolds
are advantageous in the sense that the orientation and distitluof the ECM
molecules are very close to thosé native structures. Alsalecellularied scaffolds
may retain entangled or fixed growth factors that can be further released after
culture and remodelling. However, the generallgarsh nature of the
decelularisation process can result in batch to batch differences between different
decellularsed <affolds. Moreover, decellulaesl systems, especially from other

donors or species, also pose disease transmission prablem

For improving the mechanical pregies of the conduits, several synthetic
materials have been utilized as vascular tissue engineering scaffolds (Figure 2.
Utilized polymers include@., PLGA, PGA. Although synthetic materials offer better
mechanical properties and long term stabilitiieir degradation rate and the effect

of degradation products on the behaviour of the cellsfisnajor concern. Niklason

and coworkersused PGA based scaffolds and have successfully covered the surface
of these scaffolds with endothelial cel{dliklason, Langer 1997%Gong, Niklason
2006) Polyurethane scaffolds were also used as a scaffold for SMCs under a laminar
flow regime. They were populated by cells and cells syigeel ECM. Following
endothelialisation, scaffolds were grafted to dog coronary artery and remained

active for 1 month.

A very novel approach was carried out by Campbell et al, in which silicone tubes
were inserted into rabbit peritoneal cavity and a vddges structure was obtained
through the inflammatory response of the host bo@yampbell et al. 2004, Chue et

al. 2004) After silicone tubes were covered with cells they were removed an
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grafted to the same animal, to serve as autologous grafts, with moderate success.

A N

l'Yy20KSNI) [[dzZA 0SS Ayy20F A0S ELISNRYSYyG O2y
production of a functional artificial vessel without any scaffdléHeureux et al.

2006) In this system, confluent layers of SMCs and fibroblast were wrapped around

each other and after maturation of these layers; the inner lumen was seeded with
endothelial cells. This structure stayed patdot at least onemonth, with aburst

strength comparable to that of native blood vessels (Figure 2.8). However, the total
manufacturing period is more than three months for each vessel and there was a

high degree of interference with the culture system, which is veryngken the

probability of contamination is considered.

Figure 2.7 Cell seeded synthetic scaffold vs. carotid art€&@gmpariso

of smooth muscle cell séed synthetic composite graft @ie of PVLC
and fibrin) and natural carotid artery crosectionsafter 2 weeks of ce
culture. Similar cell numbers were obtained in the composite graft
original polymer scaffold is still visible in places (Marked with an
(Tschoeke et al. 2008)
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Figure 2.8Scaffoldless vessel productioh Q1 S deddeldal

scaffoldless artificial vessel after @veeks of maturation,
selfsustaining vessel like structure withiousing any scaffo

material (L'Heureux et al. 1998)

2.3.3Endothelialisation

One of the most important aspects of vascular tissue engineering is the
endothelialisation of the construct and the retention of the endothelial layer after
exposure to laminar flow. Unfortunately, most of the current designs are not
successful in this reect. Several approaches have been developed to overcome
this problem, such as different seeding techniques, magnetic orientation of the
cells, or coating of the lumen with cell adhesion promoting molecules and the
preconditioning of the cells at lower saestressegAlobaid et al. 2006, Feugier et

al. 2005, Turner et al. 2004)Even though there are problems with the

endothelialisation, tissue engineering constructse easier to endothelialise
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compared to the standard vascular graft, due to the generally more suitable nature
of the substrate for cell attachmentibrahim, Ramamurthi 2008, He et al. 2005)
especidl for the case of decellulagd tissues and natural polymer based scaffolds.
In addition to this,in-vitro shear conditioning of the endothelial layer is hugely

beneficial(lnoguchi et al. 2007)

As can be seen fro the examples, the main short term aim is the development of
the first two layers of the vasculature; the intima and the tunica media. This
composite structure actually is composed of two different tissue types, namely
epithelium and smooth muscle tissu&@hus what is necessary is to successfully
develop the basement membrane for the endothelium, so that there would be a
strong attachment of the endothelial cells and the connection between the
endothelium and the tunica media would be possible. The seatradlenge would

be the development of the media with smooth muscle cells in a contractile
phenotype so that upon implantation they could react to the nerve impulses and be
able to change the diameter of the vessel. The main purpose of using smooth
musclecells is toachieveECM secretionluring the degradation of the scaffoldp

that it can bereplacdwith the native ECMvhich is the product of smooth muscle
cells The emoval process can be passive if the scaffold is mainly made of synthetic
polymers @ active if it contains natural polymers which can be degraded by the
smooth muscle cells by enzymes, such as metalloproteinases. The level and rate of
ECM secretion, composition of the final ECM structure and modulation of smooth
muscle cell phenotype beteen contractile and synthetic phenotypes are the main

parameters that need to be controlled during the process of artificial vessel
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manufacture. Therefore, one of the most important parameters in vascular tissue
engineering is the control over this congen, since proliferation of smooth
muscle cells is necessary in the beginning of the culture. However, after a certain
density is reached, this proliferation must stop. Otherwise, overpopulation of the
structure with SMC may occur, and this would resulsomething similar to intimal

hyperplasia.

Another important aspect of vascular tissue engineering is the determination of the
effects of stresses or strains present under in vivo conditions on different cell types
and possible methods of exploiting these relationships. Physical properties of the
scaffolds, such as porosity, surface roughness and stiffness can also have marked
effects on smooth muscle cells. Also another important parameter is the
organization and orientation of the smooth muscle cells which are oriented in a
spiratlike structure n native vessels with respect to the direction of the load and
this orientation has an effect on ECM secretion (BeLong, Moon & West 2005/6)
The stiffness and the density of the encapsulating scaffoéddadso important for

cell behaviour, because the density of the scaffold would have an effect on the
migration rate of the cells and the stiffness of the 3D structure will influence the

attachment profile.

Mechanical properties have a high priority insgalar tissue engineering
applications. Compliancy of the grafts is especially crucial. Thus, any material that is
to be used as a vascular tissue engineering scaffold should exhibit viscoelastic

properties similar to those of soft tissues and they shooédresistant to fatigue
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and creep due to cyclic stretching. For these purposes, hydrogels in general are

viable candidates.

2.4 Hydrogels

Hydrogels are one of the most prominent forms of scaffold in tissue engineering
owing to the similarity of their méwanical properties to soft tissues, their ease of
fabrication, their comparable water content to that of tissue and their suitability for
cell encapsulation processes either as-prade structures or as injectable scaffolds
(Kopecek 2007)Injectability isespecially important for tissues where a complex
architecture is necessary. There are a wide range of natural and synthetic polymers
which can be used in the manufacture of hydrogels, such as alginate, collagen,
fibrin, polyethylene glycdlPEG), polyvinyl alcoh@VA), ply ethylene oxide (PEO),
Polyacrylic acid (PAAplypromyl fumarate (PPH)long et al. 200Drury, Mooney
2003) Hydrogels are hydrated networks of one or more polymers which are held
together either by entanglements of the polymer chains or crosslinks between
them (Figure 2.9). Several different methods can be used to trigger gelation such as
temperature change, physical crosslinking, chemical crosslinking, photocrosslinking,

or the utilization of radiatior{Razzak et al. 1999)

Hydrogels have high water content and generally show viscoelastic behavayr. T
have been used as contact lenses, artificial corneas and artificial cartilage scaffolds.
They have been shown to be beneficial for three dimensional cell network
formation, which facilitates the formation of a tisslige structure. One of the most
important properties of the hydrogels is their hydrophifjcwhich decreases the

rate of protein adhesion onto hydrogend thus increases their biocompatibility
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(Nicodemus, Bryant 2008aowever their highly hydphilic nature can sometimes

be detrimental for some applications, since cells generally tend to adhere to
surfaces with intermediate hydrophilicityThe reason behind this is that the cells
adhere to a surfacéhroughthe adhesion prteins absorbed ontohat surfae and

the protein adsorption is quite low for highly hydrophilic or hydrophobic surfaces
This situation can be improved by addition of cationic building blocks, which are
known to promote cell adhesionAnother plausible route would be the
devebpment of composite hydrogeldozinsky, Savina 200Zhe hydration level of

hydrogels is generally higher than 3(@sury, Mooney 2003)

Synthetic hydrogels are advantagesosince their chemical properties can be easily
altered which in turn provides more control over essential hydrogel properties such
as the degree of crosslinking, degradation, the dynamics of gel formation and
mechanical properties. Another advantage isithhigh level of reproducibility.
However synthetic hydrogel structures have an inherent problem with cell
attachment. Unlike collagen, most hydrogel forming molecules do not have cell
attachment promoting domains. Thus cellular attachmenépends on the
absorption of adhesiorproteins. On the other hand, natural polymers have
properties quite similar to ECM which improve their biocompatibility and
performance as tissue engineering scaffol@ollagen, fibrin, and hyaluronic acid
are all natural compondas of the ECM and thus they are favourable for cell
attachment and spreading. The mesh size of the hydrogels has an effect on both
degradation and biochemical signalling. The mesh size of the hydrogel can affect

the diffusion of biomacromolecules which itirn may change the enzymatic
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cleavage of the natural constituents of the hydrogel, but can also hinder growth

factor penetration(Dikovsky, BiancBeled & Seliktar 2006)

It can be said thathe ideal hydroged for tissue engineering would be composites
of natural and synthetic polymers which can then demonstrétie beneficial
attributes of both groups. For soft tissue engineering applications one of the

available synthetic polymers is Polyvinyl Alcohol.

2.4.1 PVA Hydrogels
PVA is a synthetic polymer with pendagOH groups. It is formed through

hydrolyss of acetate groups gsoly vinyl acetate which itselfs polymerized from

vinyl acetate monomers. The main propes that define PVA behaviour atee
degree of hydrolysis and the degree of polymerization. It can be used to form films,
foams and hydrogels in the tissue engineering area, but it also has several other
functions, such as surfactant, sealant or cement filler. It is water soluble and its

solubility depends on its molecular weigluo, Xu 2005)

Figure 2.9Typical structure of cryogels a)Polyvinyl alcofiabzinsky et ¢
2007) which shows cryostructuring as can be observed by the prese
aligned PVA chains b) Polyacrylami@®ieva et al. 2004) which show:

mesoporous structure
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2.4.2 Network Formation

PVA can form hydrogels of high water content with several different methods such
as chemical crosslinking (such as glutaraldehgdecinyl chloride), freeze/thawing,
gamma irradiation and photopolymeration. PVA hydrogels have desirable
mechanical, swelling and optical properties which make them suitable for tissue
engineering(Mangiapia et al2007) The freeze/thaw or cryogelation method has
an important advantage over chemical methods. Due to its purely physical nature
there is no risk of remnant chemicals that might comprontlse biocompatibility

of the final hydrogel. Also, gels formedtlw this method are highly elastic and
durable, which is quite important for soft tissue engineering. However, PVA based
cryogels have some disadvantages suclthasneed for sterilization, which is not
necessary in the case of the gamim@diation crosshked hydrogels which are
inherently sterile(Chowdhury et al. 2006Moreover,in the presence of the natural
macromolecular additives, such as chitosan, dextran and bacterial cellutese,
gelaion process is ifferent becausegeneraly theseadditives are not as prone to
gelation as PVA chains. This causes heterogeneity in the structure and also faster
loss of the additives than the PVA backbdMathews et al. 2008)P\A has been
shown to be biocompatible, eliciting a minimal inflammatory response upon
implantation(Stammen et al. 2001ne of the most promising properties of PVA is
its ability to form physical hydrogels, des@tbas cryogels, via repetitive freezing

and thawing cycles.

2.4.3 Cryogels

Cryogelation is one of the methods of physical hydrogel formation. These gels are
formed through processes which force formation of roavalent bonds such as
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hydrogen bonds, ionibonds or by basic entanglement of the polymeric chains and
crystallites after freezing and thawing cycles (Figure 2.10). Most of these gels are
reversible gels due to these factors. The gels are very beneficial in the sense that
there is no need for additn of any chemical crosslinker or application of UV light,
which in some cases cause cytotoxicity and problems due to the remnant
chemicals. Cryogels form under moderate freezing conditions in which frozen
solvent causes phase separation and acts as agawroleading to a gel with high
water content. Gelation can occur in each of the thsteps of the freeze¢hawing
process;freezing, storage in frozen state or during thawing. For PVA the most
important step § thawing, since this is whemost of the gel formation occurs
(Komarova et al. 2008pne of the main aspects of cryogelation is that not all of the
solvent freeze under these conditions arttiere is always a portion of the solvent

in the liquid phase(Lozinsky 2002)The surface tension between the thawed
solvent and the gel phase causes round pores. The convdrsimreenspongy and
non-spongy cryogels depends on the freezing regime and the concentration and
compostion of solute. The physical gelation occurs through formation of a three
dimensional norcovalent bond structure, either hydrogen bonds or hydrophobic
interactions depending on the nature of the solutes. The degree of hydrolysis is
important for PVA, site a high level of presence of acetyl groups on the chain

causes inhibition of bond formation.
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AL pya ®  Physical Crosslinks

VAL Gelatin O Crystallites

Figure 2.10Cryogelation process, Gel formation via entanglement, hydrogen bondir
formation of crystallites. Reproducedtom (Bajpai and Saini 2005) aguted (Peppas an
Stauffer 1991jor Gelatin.

2.4.3 Additives and Coagulation Bath

PVA by itself is a very poor surface for cell attachment, basically due to its inability
to adsorb proteins because of its hydrophilicity. This is a limiting propertytfor
utilization in tissue engineering applications and this has been overcome mainly by
two methods; tethering of cell adhesive moleculestite PVA backbone covalently
(Nuttelman et al. 20019r development of composite hydrogels. For this end a wide
range of biomacromolecules, such as hyaluronic acid, egg albumin, chitosan and
gelatine has been utilized for different applicatiof@barbati Del Guerra et al. 1994,
Koyano et al. 1998, Koyano et al. 2007, Moscato et al. ,2B@jpai, Saini 2006)
Each of these additives has different effect onthe cryogelation and on the
subsequentfinal physical properties of the resultant cryogel. Thus, utilization of
several different additives to determine the optimum additive for a given

application merits investigation.
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Chitosan is a linear polysaccharicemposed of1¢4)-linked dglucosamine and N
acetytd-glucosaminewhich is obtained by deacetylation of chitin, which is
extracted from the exoskeleton of arthropods. Deacetylation degree and molecular
weight affect several characteristics of chitosan,bsas its crystallinity. Chitosan is
generally soluble in dilute acids due to its pendant amine group, which gets
protonated in low pH, but it can be made water soluble. Chitosan breaks down in
vivo enzymatically, through the action of lysozymes. Chitosam lee used for
various scaffold form&Chen et al. 2007nanc et al. 2007gnd it has antmicrobial

properties(Shi et al. 2006)

Starch is a pint based storagpolysaccharide with good biocompatibility. In plants,
the end product of photosynthesis, glucose, is stored in the form of starch. There
are two basic structures in starch: amylase which is a linear chain of glucose, and
amylopectin whichhas a branched structure. The ratio of amylase to amylopectin
differs from species to species. As a water soluble polysacchataleh has been

used in several tissue engineering applicatibhisdorachi et al. 2000)

Gelatin is formed by hydrolissand denaturation of collagemhich is anrreversible
process. So gelatitacks the fibrillar structure of collagen, but still contains cell
attachment sequences and still demonstratbe properties of a protein. Thease

of extraction and storage and being cdsendly makes gelatin a widely used
biomacromolecule in the biomedical field. The main source of collagen for gelatine
production is either aimal skin or tendons or bone @line skin is one of the most

widelyused sources). It is used in several different biomedical and food applications
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(Fan et al. 2006, Young et al. 2005, Zhu et al. 20Bd)atin can form physical

hydrogelsby hydrogen bond formation.

Utilization of these biomacromolecules provides the necessary surface or bulk
properties for cell attachment, but in the meantime they also interfere with the
cryogelation process and compromise the mechanical properties of fithe
hydrogel. Moreover, since these polymers do not gelate as strongly as PVA during
freezethaw cycles, their loss during culture period through leechingedy to be

quite significant. To prevent this, additional crosslinking procedures might be
necessary. As PVA cryogels are physical hydrogels, another physical crosslinking
method would be beneficial to keep the positive attributes of physical crosslinking.
Polymer coagulation, which is a fast and eeSicient physical way to crosslink
polymers, an be used in this manner. PVA hydrogels are known to have the ability
to change volume and density when contacted by solutions containing solutes
basically by eliminating water within the hydrogel netwdikermonia 199). This

can be used for further crosslinking of the hydrogel when highly concentrated
solutions are used. The smlled coagulation bath treatment results in -co
precipitation of the two components of the composite hydrogel system together
and produces stronger hydrogel without modifying the chemical characteristics of
the hydrogel structure. However, this might also change other physical

characteristics of the hydrogel, and these need to be quantified.

In tissue engineering studiesryogels have beemainly used as substrates for
cellular growth, which is suitable sceneriofor endothelial cell culture. However

smooth muscle cells would need a 3 dimensional environment to grow and

43



utilization of cryogelation for cell encapsulation is a less explteaitory (Lozinsky
et al. 2007) The next section discusses the advantages of the cell encapsulation

route for 3 dimensional celbden tissue engineering constrsct

2.5 Cell Encapsulation and Storage

In most of the current scaffold schemes, and also innstard tissue culture
substrates,cells have an empty space around them. This is quite uiiikévo
conditions, where cells are surrounded by an ECM even during wound formation.
The empty area for cell migration the ECMn-vivois not comparable to the area
presented by pores or intéfibrillar space in meshes which are produced as tissue
engineering scaffolds. These open interconnected pores are necessary for cell
repopulation, but the effect of this discrepcy on overall cell behaviour is not fully
known. The need for a solid scaffold is a logical prerequisite due to the need (i) to
keep a specific shape pertaining to the target organ, (ii) to be able to exert some
sort of control over anchoragdependent ell attachment and proliferation and (jii)

to obtain the ability to load these constructs with factors that can direct cell
behaviour. This is one of the main advantages of tissue engineering over cell
therapy, as with a scaffold approach the spatial aathporal distribution of the

cells can be controlled betteHowever there are some inherent problems too, such
as vascularisation of the scaffold structure, especially beyond a certain thickness.
Utilization of different cell types in the given orientation a scaffold may be
necessary, since they are generally isotropic and not cell selective. Achieving
homogenous cell densities within the scaffold is also required, because population

of the scaffold is inherently dependent on cell migrati@viironov et al. 2009)
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Moreover, the porous nature of these scaffolds actually proside2-dimensional
environment for the cells, since cells face an empty liquid filled area in their upper
region, unless they are encapated. t is hypothesized thathis might lead to a
slow down on the rate of ECM deposition, since secreted ECM is prone to be
washed out due to a lack of three dimensional restraining environment like in the

tissues(Zimmernann et al. 2007)

An alternative to overcome this problem is encapsulating cells within the scaffolds,
by which the physiological structure can be somewhat imitated. €lapsulation

first started as a method to immunoisolate cells, such as pancceatid hepatic
cells (mainly xenogenic or allogenic cells) from the host without compromising their
functionality (Canaple, Rehor & Hunkeler 200Zis treatment scheme can be used
for a wide range of endocrine secrah related diseases and also some
neurodegenerative syndromg$Jludag, De Vos & Tresco 2008hother reason for
encapsulating cells is to protect them from the detrimental effects obiin
crosslinking of a complexoad bearing system, where cells also are desired to be
functional (Payne et al. 2002)Where accurate control of cell differentiation is
needed, encapsulation can be used as a diffusion barrier, acting as a rdrtelloay
element for the diffusion of growth and differentiation factors and moreover as an
easier method to distinguish and separate sédl populations(Maguire et al.
2006) (Figure 2.11). For vascular tissue eegring specifically, it will enable the
separation of the smooth muscle cells within the hydrogel body and the endothelial
cells on the surface, since SMCs will be encapsulated but ECs would be seeded

afterwards.
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Figure 2.11Micrographs of encapsulatecklls, phaseontrast and livedead asse

results.Phase contrast microscopy (Left hand side images) can be used to
the cell distribution, asells can be seen within the hydrogel structure at diffe
depths, individually or in groupslowever toensure viability, additional tests ¢
necessary. Live/Dead assays (Right hand side images) are developed fc
situations, wheregreen areas denote viable cells, whereas red areas are dea

(Maguire et al. 200&Khademhosseini and Langer 2007).

Storage of tissues and tissue engineering products is an important obstacle for the
commercialization of tissue engineering research outcomes. As a pafecific
technology, tissue engineering promises to deliver patgmcific products in a

timely manner. However, the variatiom physical properties of each tissue, even
GAGKAY (GKS alryYyS LI GASydQa aeadasSyz Yl 1Sa
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systems crucial. There is evidence that shows that cryopreserved tissues and tissue
engineering productshave markedly different characteristicsuch as different
mechanical properties and cellular response with respect to fresh sartiplest al.

2002) Encapsulated cells are also a good alternative for storage otiskae
engineered constructs or other cell based systems such as biosensors, since it has
been shown that cell viability under cryopreservation conditions is higher when

cells are encapsulated within a hydrogel structgitée, Pishko 2005)

This approach would also be beneficial in the sense that the tissue engineering
constructs can be stored as a reaayde product which contains cells instead of
needing a long culturing period prior to implantation. Encapsulatbrcells has
been tried for a long period of time for various applicatidden, Wake & Mikos
1996) Gelation of the solution containing the cells can be achieved by several
methods like photopolymerisation, ion adidin (e.g. preparation of cell
encapsulated alginate microspheres by divalent cation crosslinking) and physical
gelation initiated by changes in pH or temperature. Gelation properties can be
controlled by pH, temperature and ionic strength but the essdnpaoblem
concerning cell encapsulation is the narrow range of durability of cells for all these
parameters. Thus, optimization of the final structure is severely hindered by the
limitations imposed by the presence of the cells. Such limitations weredbke for

silk fibroin hydrogel which under physiological conditions take hours up to days to
set. This can be prevented by utilization of low pH high temperature conditions
which are obviously not suitable for cell encapsulat{gang et al. 2008)In the

same study, after optimization of gelation, it was observed that cells survived much
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better in low concentration hydrogels (4%) than in high concentration hydrogels (8
and 12%). Similar effects of concentration anensity of the final gel on cell
behaviour have been seen with other encapsulation systems(Bawdick, Anseth
2002) However, generally, the concentration of the gelation solution is dictated by
mechanical requiremnts. Cell proliferation is highly restricted in an encapsulation
system due to the absence of the necessary surface area and volume for the
dividing cells. Thus the final cell number is reached relatively early during culturing.
Then further growth is degndent on the degradation rate and it is further
NEAGNROGSR o0& OStftaQ 26y 9/a aASONBiOGA2Y D
different sets of threats to cell viability. For example encapsulation via freeze
thawing is impeded by the ice crystal fortiwan and rupture of the cells which can

be partly solved by addition of cryoprotectants such as DNQCet al. 2004)A
secondary limitation is the size of the hydrogels, since encapsulated cells require a
steady dffusion gradient for oxygen and nutrients and also for the removal of the
waste products, which obviously becomes untenable for thicker hydrogels.
Diffusion of the nutrients will also be affected by their propensity to be absorbed
on the hydrogel networkwhich would cause sequestering of certain elements in
the outer parts of the hydrogel while depriving the inner core. However, hydrogels
are still better options for thick products; as evidenced by the promising results
obtained by the 8 mm thick PEO hgdels with photoencapsulated chondrocytes
(Bryant, Anseth 2001)This is mainly due to the high water content of hydrogel
structures in general, which improves permeability properties of hydrogel structure
and enabls better diffusion of the nutrientsSuch studies have not established the

possible differences between different areas within the hydrogel, due to the
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uneven exposure to lighBaroli 2006) Moreover, the enapsulation process itself
would impose abrupt changes to the cellular microenvironment which could result

in phenotypic responses by the cells.

Encapsulation based therapies can also be utilized to form bottprtissue
engineering scaffolds which wouldmain different cell types to produceomplex
tissues in a tailemade manner from small micamoulded units(Yeh et al. 2006)
Utilization of photolithography, micromdding and microfluidics techniques has
resulted inprecise control over celaden hydrogel propertiegKhademhosseini,
Langer 2007)This would create the opportunity to be able to separate different
cell types present in a given tissue while keeping the magbal communication
between them intact through the hydrogel network. Cryogelation is a promising

candidate to be used in this manner too.

The relationship of the scaffold with cells can be divided into three categories for
tissue engineering applicatisnNamely, these are migration of the cells of the host
in-vivo (recruitment), movements of the seeded cells and their subsequent
distribution in-vitro and encapsulation of the cells within the scaffold structure
vitro. All these three conditions hawdfferent effects on the cells and the decision
of which one would be best seil for a given application is very crucial.
Interactions of the cells with the scaffold material are very different for all these
situations. For example, the mode of differaatton of mesenchymal stem cells was
very different under 2D culture in a differentiation induction medium and in
encapsulated form in hydroxyapatite containing microspheres, mainly due to the

interaction and the morphology of the cells within such a stouet(Inanc et al.
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2007) Another aspect of encapsulation is the control over the stiffness of the
environment faced by the cells in a 3D manner; this way, cellular activities such as
ECM secretion might be altered asesponse to the surroundings. Also, control
over how cells would attach within the hydrogel is of great import. One of the
possible methods to control this is chemical addition of cell adhesive protein
sequences to polymer chains to improve the adhesiver@ghe inner space of the

hydrogels.

Cell encapsulation has been predominantly achieved by using natural polymers, due
to their superior conduciveness to cell attachment. Unlike the attachment and
migration mode of events in cedkeeded on to the scaffds, in cell entrapment
there is not enough time between interaction of the medium and the polymer for
adsorption of proteins for cell attachment and the following initial cell migration.
Following the gelation, cells are trapped in a restricted area &g area is not
permissive for attachment, the result would be apoptosis or necrosis. The most
widely used encapsulation materials are collagen, gelatine, alginate, chitosan and
fibrin (Elisseeff et al. 2006, Guaccio et al. 2008hich are known to be highly
permissive to cell attachment. Another possible advantage of using natural
polymers is the possible effect of degradation products on cell behaviour, since
most of them are reaglable within the hydrogel system as base materials by the
cells. However, some synthetic polymers are very suitable for encapsulation due to
their physical properties and ease of polymerization, even though they generally

need to be modified for improvingell behaviour within them. Some options are
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polyethylene glycol (PEG), polyvinyl alcof®VA), polypropylene fumarate (PPF),

poly ethylene oxide (PECHlisseeff et al. 2006, Wu et al. 2008)

Additional delivery systems to control the inner biochemical composition of the
structure is a viable option, but encapsulation of cells in a polymeric system is a
highly closed system in which all the parameters are greatly dependent on each
other, which makes the optimization of the process much harder than normal
tissue engineering methodologies. Restrictions on the system are quite different in
semipermeable membrane encapsulationvhich is mainly used for metabolic
product engineering and the cae of connective tissue engineering where
mechanical properties and ECM secretion also needed to be considered. This
necessitates utilization of complex statistical models for multi@eable
optimization of these parametesifor both the start and end piat of the construct
maturation (Villani et al. 2008)For example, for photopolymerisation reactions it is
essential to determine an optimum photoinitiator concentration that would result

in enough polymerization wld compromising the cell viability minimally
(Nuttelman et al. 2008)However, this is not a very cleant procedure, because

the cytotoxicity is highly dependent on cell type and it was found that pralifes
capacity decreases the tolerance of a cell line to photoinitia(@#lliams et al.
2005) This would hint that the condition of the cells in culture just before
encapsulation is an important determinant dfeir behaviour. Thus, the confluency
level of the cells beforetrypsinisation and seeding becomes an important
parameter. Also the degree of polymerization would have an effect on the mesh

size of the hydrogel network, which in turn will define the rateddfusion to and
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from entrapped cells. The initial density of the cells, final desired cell density and
attainable cell density are in this sense very important factors during the design of
the scaffold. The viscosity of the initial polymer solution inggsan essential
limitation on several aspects of encapsulation, such as distribution of the cells
within the final structure, porosity or water content of the structure, mechanical
properties, roughness, permeability and the amount of area available s tmi

ECM depositioiiZimmermann et al. 2007)

In this study, one of the main aims is to develop an encapsulation system for
vascular smooth muscle cells by utilizing freeze/thaw based physical crosslinking of
P\A chains. The advantage of this system is that it also acts as a storage medium for
the cells and the scaffold. An important aspect is the protective capabilities of the
polymer chains on the cells by mainly keeping the cell membrane intact. However,
cryopreservation of encapsulated cells by using other encapsulation procedures can
be problematic and may need high levels of cryoprotectd@isin Heng, Yu & Chye

Ng 2004) An encapsulation system utilizing freeze/thagi may need to
incorporate several items to minimize the damage incurred due to freezing, such as
addition of cryoprotectants and sugar solutions. Another important parameter is
the cooling rate, which directly effects the ice crystal formation. To prevest
crystal formation vitrification can be utilized; but it has mainly been successfully
utilized for encapsulation of single ce{lBemirci, Montesano 2007Pur aim is to
employ cryogelation first for encapsulatiomf the cells and then develop a
procedurefrom the data obtained fronthe short and long term response of the

cellsto the encapsulation conditions
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Encapsulation and the nature of the encapsulating mateniay have other indirect
effects on tissue properties, such as the mechanosensing ability of the cells and
their subsequent response. This is one of the main reasons that necessitate
(Nicodemus, Bryant 2008kihe moddling of cell behaviour in 3D encapsulation
schemes under different physical conditions and determination of the underlying
materiatindependent mechanisms. Currentlgharacterisationof a wide range of
encapsulation systems has given widely scattered aochsionally contradictory
results. This is mainly due to the early stage effects of loading and resulting ECM
secretion, changing the interaction of the cells with their surroundiidjsodemus,
Bryant 2008b) Moreover, the main method to prepare hydrogels with different
YSOKI yAOFf LINBLISNIASa Aa (2 OKIFy3aS GKS
has a direct effect on the degradation properties of the hydrodBlsyantet al.

2004) Hence analysis of the interaction of these two effects on mechanosensing
capabilities of the hydrogels overlaps. Moreover, the aforementioned reverse
gelation event causes a very abrupt change in the microenvironment of the cells
and eventhough it does not cause a failure, it might hawere subtle effects on

cell behaviour. For example, as the secretion of the collagen and GAGs takes place,
their diffusion within the hydrogel system is dependent on the mesh size. Thus at
lower mesh sizethere would be an accumulation of collagen around the cells due
to this diffusion restriction.This mightchange the behaviour of the cells by itself,
since the nearby microenvironment of the cells would become distinctly different
from that of the wholehydrogel structureThus, a mesh size that would permit the
movement of molecules as big as collagen fibrils should be attained. Encapsulation

systems are also need to mimic the mechanicapprties of their target tissue,
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which is predominantly a softgsue.The rext section discusses the mechanical
properties of soft tissues antthe similarities of hydrogel mechanical behaviour to

that of soft tissus.

2.6 Mechanical Properties of Soft tissues and Hydrogels

Soft tissues, such as ligaments, cartilagel blood vessels, are highly elastic tissue
which might need to go through huge deformations as a part of their function. Soft
tissues are highly complex fibre reinforced composites with interdigueicells,
which is the reason fortheir nonlinear viscelastic behaviour. Mechanical
behaviour of the soft tissue is directly related to the arrangement and relative
abundance of these componenfEhe nain constituents present in the ECM of soft
tissues are several types dfllagen, elastin and proteoglycarollagen is the main
load carrying element. Iblood vesselsthe most abundant collagen types are
collagen type | and type liICollagenis generally found ithe form of fibrils in a
certain orientation which renders soft tissues anisotropic. Elastamagher protein

and as its name implies it is highly elastic. Three dimensional networks of elastin
endows the vessels their elasticityThe nain mechanism behind the elasticity of
this network is its ability to get onged with the increasing stress drthus store

potential energy.

The main characteristics of the mechanical properties of the soft tissues are their
anisotropic response to stress and strain, Amear stiffening and dependence of
the final strength on strain rate. They can go throughgéadeformations and
exhibit viscoelastic propertiesyhich aremainly related to the activities of the gel

like proteoglycans. The response of the soft tissues lsandivided into three
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phases. Theirkst is a nearly isotropic, linear response mainly dodhe stretching
of elastin fibre.The ®cond phase is a nonlinear phase as the collagen fibres
straighten and start to resist the stress. the third phasethe collagen fibres are
fully elongated and the material becomes stiffer as the stress incre@kezagel,
2001) In arteriesthe arrangement of the smooth muscle cells atsmtributesto
the mechanical properties. Arteries contract about 40% when isolated, proving that
they are under tension under physiological conditions and stress induced by the

blood flowcorresponds to 120% strain (Silve2003)

For arteries the most important mechanical parameiethe burst strength; which
varieswith respect to thickness and diameteAn artificial vessel slud at least
match the burst strength of the tget area.Another inportant parameter is
compliancy. Ay compliancy mismatch will result in neointimal hyperplasia
formation. The dastic vessel wall is highly extensible and has a great capacity to
recoil; which is crucial for the dilation and constiictiof the vessels by smooth
muscle cells; in the absence of this elasticity artificial vessels can dilate irreversibly

and can be weakened by crefgllie, Gosline 2007)

Hydrogels areviable options to imitate hese behaviours, since they demonstrate
similar general viscoelastic characteristicBhe aly difference is the determining
factors behind the behaviour, such as the density of the crosslinks, degree of
swelling of the hydrogel(Anseth, Bowman & BrannePeppas 1996)or the
concentation of the initial solution (Anseth 199G@Yloreover, the mode of gelation,
crosslinking, polymerization or physical gel formation, &las an effect on the final

properties. Hydrogels owtheir deformability to the ability of the polymer chains to
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rearrange themselves under stress conditions; just like the reorientation of elastin
and collagen chains in native tissues. Depending on the density of the crosslinks and
the degree of entanglenmds of the polymer chains, this reorientation will have
different time-dependency which gives rise to the different viscoelastic prigs

of different hydrogelsSpecifically for PVA cryogels, the similarity in the mode of
non-linear viscoelastic behaviio with the vascular tissue is quiggod. @&nerally

the results of mechaical tests fit quite wellvith that of animal tissue sample tests
(Wan et al. 2002)The response hierarchy of the natural tissues, the low st$ne
region response by elastin and high stiffness region response by collagen, is
replaced in the case of PVA cryogels by the amorphous and crystalline parts
respectively(Millon, Mohammadi & Wan 2006) Due to theseproperties, PVA
cryogels have been used as MR phantomsariore than adecade(Chu, Rutt 1997)

and this similar response of PVA cryogels to arterial tissue under stress and strain
conditions is beneficial for their ability to convey mechanical signals to the
encapsulated or seeded cells for tissue engineering applications, thaallular

respanse will be affected by the response of the substrate to the mechanical forces.

2.7 Mechanotransduction

2.7.1 Bioreactor systems

Requirements for an animal cell culture bioreactor are based on the properties of
animal cellsBioreactors are systems that aregigned to amplify cells rapidly while
providing them with necessary conditions for their viability, without the labour
intensive manual fedbatch methodologiesSince most of the animal cells are

anchoragedependent,bioreactor designs for animal cells geally include a solid
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support matrix. Problems faced in an animal cell based bioreactor system are
sensitivity of the cellgo high mechanical stimulationg stringent oxygen and
nutrient requirement and high risk of contamination. The need for biorector
animal cells is due to two main needs; production of some important biochemical
molecules such as antibodies or growth factors and simulation of physiological flow
and stress/strain conditiongScragg 1991)n the area of vascular tissue engineering
the second need is crucial and thereviedeen lots of efforts in developing custem
made vascular tissue engineering bioreactors that would provide pulsatile flow
conditions similar to that of blood flow. Thepalsatile flow bioreactorswhich are
designed to imitate the pulsatile nature of blood flow due to the beating of the
heart, are actually derivatives of more general fluidized bed bioreactor designs. The
effects obtained range from better nutrientransport, improved extracellular
matrix formation, enhancgé mechanical stability and phenotypic changes
depending on the target tissu@-lanagan et al. 2007, Jeong et al. 208Gilez et al.
2006) There are also commercialized bioreactors for vascular cells such as CellMax
Capillary System (Figure 2.12) which is used for endothelial/smooth muscle-cell co
culture systems under pulsatile flow conditions. The stress/strainrenment for
tissue engineering bioreactors idependent on the target tissue and the
responsiveness of the cell type used. Whether it is compression, tension or shear;
all these dynamic loading conditions trigger a wide spectrum of cellular responses
deperding on the cells in question, which can be defined as mechanotransduction

in general.
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Figure 2.12CellMaxHollow Fibre Boreactor for ceculture of Smooth Muscle ce
and endothelial cells on hollofibres, which provide the physical segregatiorttod
cell types. Pulsatile flow is obtained bypamp system and 4 bioreactorarcbe rur
simultaneously (Image is obtained from Spectrum Labs Inc. wet

www.spectrumlabs.com).

Mechanotransduction is the general term used for the biochemicaploysical
responses of cells to a mechanical stimulus. In different parts of the body the
intensity and the mode of response change and also different parts of the body are
under different mechanical environments. For cartilage and bar@npressive
forcesdue to movement and the structural support of the organism are important;
whereas for the tendons the dominant stimuli are tensile strains. In the case of
blood vessels, two dominant stress/strains are very important. These are the shear
strain that endotlelial cells are exposed to due to blood flow, and cyclic s{cie
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to the circumferential stress created by the blood pulses) stemming from the
pulsatile nature of the blood flow that mainly affectésrooth muscle cells (Figure

2.13).

<=  Endothelial cell
<E> Vascular smooth
muscle cell

= Blood flow

Figure 2.13Blood flow induced mechanical stimulMechanical stimu
which affect endothelial cells and smooth muscle cells respectively,

stress and cyclic strain (Hahn 2009)

2.7.2.1 Shear Stress

The wall shear stress component, due to the latérational force, of the effect of
blood flow on vascular cells is mainly felt by endothelial cells, unless the lumen
surface is denuded. Under normal conditions, the laminar fluid flow related shear
stress is the main signal for the endothelial cells @mimtain quiescence and release
the signals that would ensure quiescence by the smooth muscle cellgkaldo et

al. 2005) In this sense laminar flow induced shear stress limits cell proliferation and
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