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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 method, which 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 provides a 

unique opportunity for encapsulation and storage of cells in one-step; 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 

crosslinking (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 could 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 and proliferation, 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 steady secretion of Nitric Oxide. It was 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 were obtained. Storage in frozen 

conditions did not affect the viability of the encapsulated cells, which suggests the 

prospect of safe long-term storage. Smooth muscle cell-laden cryogels were also 

able to support co-culture with endothelial cells. The results suggest that the novel 

encapsulation system developed is suitable for vascular and possibly other tissue 

engineering applications. 



XXVII 
 

 

 



1 
 

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 and, in the long run, organs by combining engineering methodologies with 

knowledge stemming from the biological sciences (Mikos et al. 2006). Development 

of such artificial tissues would be a giant step forward in implant and 

transplantation technologies which are currently hampered by the long-term 

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 pharmaceutical development by providing tissue-like structures that 

would enable in vitro testing of scientific or clinical hypotheses, involving therapies 

or drugs, on controlled 3D biological environments.  

The need and urgency for development of tissue engineered products vary with 

respect to target organ or tissue. In some of the target tissues, such as cartilage and 

skin, tissue engineered products are mainly required for facilitation of the healing 

process and improving life quality. However, such as in the case of vascular tissue, 

tissue engineering products are desperately needed as a remedy for highly fatal 

conditions. It has been reported that each year cardiovascular diseases are 

responsible for 22% of premature deaths in Ireland (Irish Heart Foundation, 2009). 

Although the percentage of the cardiovascular disease related deaths has been 
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decreasing for the last 30 years, still 4 out of every 10 death are related to a 

cardiovascular condition. In a year, nearly 500,000 operations related to small 

diameter vessel replacement are conducted in the U.S.A. alone (Isenberg, Williams 

& Tranquillo 2006b). If tissue engineering can overcome the limitations of the 

current surgical procedures, cardiovascular disease related deaths 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, tissue-like structures are formed 

(Freed et al. 2006). The scaling-up 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 pre-manufactured 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 the possibility 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 2007). They have been used as contact 

lenses, in drug delivery systems (Peppas et al. 2000), and for immunoisolation 

applications, and are now also the focus of much tissue engineering research 

(Hoffman 2002).  Successful application of hydrogels in tissue engineering is due in 

part to the possibility of encapsulating cells without adversely affecting their 
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viability to a significant degree. Most of the connective tissue in the body is 

composed of tissue-specific cells encapsulated within a specific extracellular matrix 

(ECM) composition of their own secretion which has a complex function-oriented 

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 wider tissue engineering efforts, special attention should 

be given to this property. Entrapment of cells in a swollen hydrogel structure is a 

good imitation of cell-matrix interaction under in-vivo conditions. Therefore, as long 

as cell viability, function and 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 the effects of 

physical strains and stresses on cell behaviour into their protocols (Barron et al. 

2003). These stimuli might be used either to imitate the physiological environment 

or to replicate injury situations. The in 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 scaffolds which are more adaptable. 

One of the advantages of in-vitro scaffold culture is the ability to impose a wide 

range of possible stimuli. These stimuli can be at physiological levels, or, 

alternatively, sub- or supra-physiological stimuli levels can be selected when cellular 

response to such extreme conditions might have short term benefits. 
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Tissue engineering scaffolds have to be biocompatible, non-cytotoxic, and 

preferably biodegradable and should have the necessary mechanical properties to 

withstand the physiological stress and strain conditions of its target tissue 

(Suuronen et al. 2005). For thick tissues (above 500 µm in thickness) it is important 

to populate the whole scaffold structure with the cells (Malda, 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 scaffold, or encapsulation of cells which are evenly 

distributed in a polymer solution which upon a certain treatment (such as 

photocrosslinking, physical crosslinking or non-cytotoxic chemical crosslinking) 

would turn into a hydrogel which contains cells within its 3 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 needs to be filled by the 

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

1.1Objectives of the Research Project 

This study focuses on characterisation and utilization of PVA-based cryogels for 

vascular tissue engineering. The basis for this research is the proposition that 

combined hydrogels of PVA with appropriate macromolecules which would provide 

bio-functionality can act as scaffolds which exhibit surfaces conducive to 

endothelial cell attachment, display appropriate functional mechanical properties 

and degradation profiles for blood vessel applications, and successfully transmit 
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mechanical and biological cues which promote viability and functionality of 

encapsulated vascular smooth muscle cells. 

It is anticipated that the preparation of such hydrogels by cryogelation of cell laden 

poly vinyl alcohol solutions, which involves freezing them to the sub-zero 

temperatures also necessary for cell storage, would ultimately allow the final 

functional properties of any given scaffold to be fine-tuned 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. For this end, coagulation bath treatment, another 

physical crosslinking method that works through precipitation of polymers via 

solvent/non-solvent interactions can be utilized. This method has not previously 

been considered as a reinforcement technique; thus it needs to be evaluated for 

this approach. 

 

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

1. The effect of the number of freeze-thaw cycles on specific PVA/Chitosan 

cryogel properties with respect to cellular behaviour was determined, to 

extend the previous body of work in this area (Mathews et al. 2008). In 

light of these results, the question of whether other biomacromolecular 

additives could also be used was answered via assessment of a set of 

three candidate natural macromolecular additives (Chitosan, Starch and 

Gelatin) for use in combined hydrogels with PVA. Moreover, coagulation 
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bath treatment as a reinforcement method was quantified, and its effect 

on composite cryogel properties such as mechanical, degradation, 

protein adsorption, and cell attachment was measured. On the basis of 

this experimental body of work, one PVA/biomacromolecule hydrogel 

composition was selected for further investigation. 

2. A detailed investigation of the health of the endothelial lining and its 

behaviour under static and turbulent shear stress conditions, typical of 

flow conditions at anastomosis areas, on the selected 

PVA/biomacromolecule composite was performed. The possible positive 

effects of disturbed shear stress 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 fine-tuning by 

adjusting the thawing rate and the gel components. The mechanical and 

biological performance of cell-laden hydrogel scaffolds was 

experimentally evaluated under cyclic strain conditions.  

4. Finally, co-culture of encapsulated smooth muscle cells and endothelial 

cells was performed and the optimal conditions for commencing 

endothelialisation of the cell laden cryogels were determined.  

The first step started with PVA/Chitosan cryogels and initially the effect of 

utilization of the coagulation bath on these properties was examined. Then the 

effect of increasing the number of freeze-thaw cycles on physical properties of the 
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cryogels was evaluated. The next step involved production of PVA-based cryogels 

using 3 different biomacromolecular additives (Chitosan, Starch and Gelatin), and 

then characterizing the mechanical properties, degradation, water content, surface 

hydrophilicity, protein adsorption capability and surface morphology (by phase 

contrast microscopy and scanning electron microscopy). These cryogels were 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 

characterisation focused on metabolic activity, proliferative capacity, apoptosis and 

expression of cell-cell contact proteins which are important either for activation or 

support of the endothelial lining (Resnick et al. 2003). The shear stresses created 

under oscillatory flow conditions are known to induce a higher endothelial cell 

proliferation rate (Chien 2008a); in the current study this effect was investigated as 

a possible route to facilitate endothelial lining formation.  The analyses used were 

(i) Alamar Blue proliferation assay, (ii) Flow assisted cell sorting (FACS) system for 

proliferation and apoptosis analysis, (ii) Real-time RT-PCR  for determination of the 

selected target protein expression, (iv) Griess method for determination of the 

Nitric Oxide release by the 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 
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system was optimized for a wide range of parameters such as thawing rate, PVA 

viscosity and concentration of serum and cryoprotectants by utilization of factorial 

and Box-Behnken experimental designs which make it possible to see the 

interactions between different parameters. These allow the development of 

response models. Also, the effect of cyclic strain and long-term storage on 

encapsulated cells were evaluated. Cell viability was assessed by Live/Dead cell 

viability assay and Alamar Blue. Cell morphology and hydrogel structure were 

observed with SEM, phase-contrast 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 support endothelial lining formation, co-culture 

experiments are undertaken. 
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Figure 1.1 The scheme of experimental procedure followed in this study 

PVA based hydrogel preparation and 
characterization

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

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

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 Co-culture
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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. After reviewing 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. Finally, 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 encapsulation 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 

Cardiovascular 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 recorded 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 occurred from cardiovascular diseases. For 2007, the Irish Heart 

Foundation reported similar percentages (36%). Aside 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 medical and 

biomedical sciences (Birla et al. 2004). Occlusion of the vessel lumen due to the 

accumulation of fat deposits (atherosclerosis) or multi-vessel dysfunctions, such as 

intimal hyperplasia, render the vasculature dysfunctional. Surgical intervention then 

becomes essential, especially in conditions such as myocardial infarction or critical 

limb ischemia (Brewster et al. 2007).  

 

Figure 2.1. Cause of death statistics in 2005. 30% of all deaths worldwide 

were due to cardiovascular diseases. The graph was obtained from World 

Health Organization website. 



12 
 

The number of by-pass 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 available (Campbell, Campbell 2007). This 

incredible level of demand hinders, in some cases, the capabilities of surgeons in 

procedures such as coronary artery by-pass, 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 in the human 

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 implantation (Kannan et al. 

2005). Allografts (vessels retrieved from other humans for implantation) and 

xenografts (vessel obtained from other species such as pig) face similar problems, 

and complications related to them are compounded by the risk of disease 

transmission and chronic inflammatory response, which might necessitate further 

surgeries. An attractive option 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 tailor-made and would be without the 

problem of scarcity. 
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Artificial vessels without any biological components (such as Dacron, 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 is 

thrombogenicity and neointimal hyperplasia formation, both of which can, in the 

long run, cause occlusion of the vessels due to thrombus formation and may 

Figure 2.2 Arterial by-pass procedure a) Blockage of coronary artery causes nutrient and 

oxygen deprivation of the heart muscle, which causes necrosis and dysfunction. b) By-

pass procedure to solve coronary artery blockage. An autologous graft (Saphenous vein in 

this case) is used to literally by-pass the blockage and re-direct the blood flow and re-

establish the nutrient and oxygen flow to the heart muscle. Although highly successful, 

this procedure mostly depends on the availability of the autologous graft, which is not 

available in a big portion of cases. Images obtained from USA National Institute of Health 

Website, Medical encyclopedia (www.nih.com). 
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necessitate further surgical interventions (Clarke 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, but only to a 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 serum protein 

adsorption, surface affinity to cells (such as platelets) and surface roughness. 

Attachment of thrombogenic proteins and subsequent platelet attachment has a 

positive feedback loop and subsequently the accumulation grows exponentially. 

When the graft surface 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 utilization ŦƻǊ ǎƳŀƭƭ ŘƛŀƳŜǘŜǊ ǾŜǎǎŜƭ ǊŜǇƭŀŎŜƳŜƴǘ όҖсƳƳύ Ƙŀǎ ƭƻǿ 

patency (Sarkar et al. 2007). These facts, together with  parameters such as flow 

rate , the flow regime of the target artery environment compounded with the 

patientΩǎ own blood individual specific tendency to form clots, make it really hard to 

assess the feasibility of the artificial grafts for a given implant condition (Lopez-

Soler et al. 2007). These problems were 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 and neointimal 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 probability (Scharn 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). 

One way to circumvent the thrombogenicity problem is the development of graft 

surfaces that are less thrombogenic and more conducive to endothelial cell 

migration and proliferation (Birchall, Lee & Ketharanathan 2001). In this way, the 

interaction of the graft surface with the blood can be kept minimal (Cuy 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 short-term and long term patency of the grafts via this route 

(Meinhart et al. 2001, Deutsch et al. 2008). However, problems such as the degree 

Figure 2.3 Arterial graft design. Hemashield Platinum Dacron based double velour graft for 

arterial surgeries produced by Boston Scientific Inc. A) Graphical representation of the 

grafts after implantation b) SEM micrograph of Surface structure (Double velour woven) 

for improved integration of the graft with the target vessel (Obtained from Boston 

Scientific Inc website www.bostonscientific.com). 
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of coverage and the strength of adhesion of the endothelial cells onto the artificial 

lumen surface still remain unsolved.  In-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 route (Chen, Barron & Ringeisen 

2006). This lack of success is mainly due to the limited proliferative 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 circulating 

endothelial progenitor cells, which have high proliferation rates and can achieve 

fast lumen coverage (Melero-Martin et al. 2007), but the rate of this process versus 

the rate of platelet and fat deposition 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 implant (Frerich, Kurtz-Hoffmann & Lindemann 2005). 

Moreover, these polymers are not very permissive to tissue in-growth 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 

impossible to achieve with a mere synthetic solution. They need to be non-

thrombogenic, haemocompatible, 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 generation of vascular prosthesis is to integrate cellular 
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components to 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 back-flow of the 

blood. The vascular health related 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 elastic laminae. 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 thick and more compliant whereas 

further along the circulatory system, they become stiffer and thinner. Arteries are 

composed of three layers, intima, tunica media and tunica adventitia (Figure 2.4). 

The thickness and the composition of each of these layers changes throughout the 

arterial tree due to the different pressure conditions present in the respective 

areas. 
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The intima starts 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 sub-endothelial 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. The 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 several extensions with a defined orientation. 

Figure 2.4 General structure of Arteries, arterioles and capillaries. The three layer 

structure of arteries, endothelium oriented in the direction of blood flow residing on a 

basement membrane and circumferentially oriented Smooth Muscle cells with 

interdispersed elastic tissue and the outer fibroblastic coating. For arterioles both elastic 

tissue and the outer coating(tunica adventitia) is less prominent due to less demanding 

loading conditions and for capillaries they are non-existent (Sherwood 2001). 
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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 adventitia 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 tissue (Rhodin, 1980). 

The media layer is rich in collagen type I and III, 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 it elastic (Heydarkhan-Hagvall 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, Heydarkhan-Hagvall et al. 2006). The load due to the 

pulsatile blood flow is mainly borne by the media layer. Vascular tissue is composed 

of nearly 70% water, and hence resists volumetric compression (Peattie, Fisher 

2007).  

2.2.1 Endothelial Cells 

The endothelial lining is a single layer of cells 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 blood homeostasis, 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 endothelium 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 occlusion of the 

artificial grafts due to intimal hyperplasia (Deutsch et al. 2008). A healthy 

endothelium prevents initiation of the coagulation cascade. Their most 

distinguishing structure is their cobblestone like shape and their 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 stress by increasing 

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 2.1 Functions of Vascular Endothelial Cells(Davies 2009, She, McGuigan & Sefton 
2007, McGuigan, Sefton 2007) 

Function Mode of Action Agents 

Vascular tone Change in SMC morphology 
Nitric Oxide, Endothelin, 

Angiotensin 

Blood clotting, fibrinolysis Platelet activation 
Von Willebrand factor, 

Thrombin, Plasmin 

Inflammation 
Leukocyte and platelet 

activation 

Complement system, 

Selectins 

SMC activity 
Proliferative, anti-

proliferative 
NO, prostoglandin 

Transportation Barrier function Surface proteins 

ECM secretion Basement membrane 
Collagen type IV, laminin, 

heparin sulphate 

 

Endothelial cells are the first surface to be in contact with blood and they sit on a 

very thin basement membrane (40-120 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 anti-thrombogenic or 

fibrinolytic factors include Nitric Oxide, prostocyclin and tissue plasminogen 

activator (Bachetti, Morbidelli 2000). 

 Endothelial cells act as a first line of response to the changes in shear stress due to 

ǘƘŜ ōƭƻƻŘ ŦƭƻǿΣ ǿƘƛŎƘ ŀŦŦŜŎǘ ŜƴŘƻǘƘŜƭƛŀƭ ŎŜƭƭǎΩ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǇǊƻŦƛƭŜ ǿƘƛŎƘ ƛƴ ǘǳǊƴ 

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 Molecule) when they are in contact and are 

forming tight junctions. Thus PECAM expression is a good indicator of integrity of 

endothelial lining. Some other surface proteins such as ICAM (Intercellular 

Adhesion Molecule) and VCAM (Vascular Cell adhesion Molecule) which are mainly 

related to endothelium-leukocyte interactions can also 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 Willebrand 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 of Nitric Oxide (NO) which has several 

functions such as vasodilatation, inhibition of vasoconstrictor signals and 

prevention of platelet adhesion and also anti-inflammatory and anti-proliferative 

functions. Antiproliferative functions are important for the prevention of intimal 

hyperplasia due to the overgrowth of smooth muscle cells. 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 anti-thrombogenic phenotype. This is an 

important parameter that defines that the culture conditions have a strong effect 

on the behaviour of the endothelial cells (Prasad Chennazhy, Krishnan 2005).  

Pro or anti-thrombogenic effects can be affected by the 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 vessel, the endothelial 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 trigger coagulation, complement activation and blood cell 

activation. 

Endothelial cells have a cobblestone shape upon confluence in a tissue culture plate 

and their rate of division is much higher compared to that of in-vivo rates. Their 

presence is important for preventing platelet adhesion since platelets can easily 

attach to a denuded area of endothelium where they can interact with the 

underlying basal lamina. One of the active bio-signal that has an important role in 

homeostasis of the vasculature is Nitric Oxide (NO). It is a free radical with a wide 

range of functions in multicellular organisms; specifically in 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 called e-NOS (endothelial nitric oxide synthase). NO can 

also act as an anti-proliferative signal for vascular smooth muscle cells during the 

remodelling process. NO also prevents platelet adhesion (Ibrahim, Ramamurthi 

2008). NO synthesis can be affected by the presence 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 sense; highly differentiated smooth muscle cells are 

responsible for the dilatation and constriction of vessels.  This is how they regulate 

blood pressure and the distribution of blood flow. Smooth muscle cells appear in a 

helical pattern mainly in the circumferential 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 become 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 (Figure 2.5). The 

vascular tissue is a stable tissue, which means that it can heal. This is possible due 

to the phenotypic plasticity of smooth muscle cells; which enables them to switch 

between a wide range of phenotypes with distinct characteristics; defined as 

contractile and synthetic phenotypes for the two 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 extracellular matrix. When grown under in vitro conditions, SMC 

generally exhibit this conversion and proliferate. This is mainly related to the static 

culture conditions which are very different from the native vessel environment 

where there is constant stretching 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 matrix (Owens 2007).  
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There are very notable differences between contractile and synthetic SMC 

phenotypes, such as increased smooth muscle actin expression in contractile cells 

and a pronounced increase in the ECM molecule synthesis in the synthetic 

phenotype. However, 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 shear stress and pulsatile flow conditions and 

Figure 2.5 General smooth muscle cell. Spindle-like appearance of Smooth muscle 

cells with elongated cytoplasm in the direction of strain and also elongated nuclei. 

ECM secretion, collagen, follows the same pattern too (Obtained from 

www.uscf.edu, Histology Lecture Series, bladder). Left Inset) Appearance of 

vascular smooth muscle cells during explants culture (Obtained from 

www.strath.ac.uk) Right Inset) Single GFP transfected smooth muscle cell (Obtained 

from Nature Cell Biology, www.nature.com). 

http://www.uscf.edu/
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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 SMCs (Owens 2007).  SMCs align 

themselves in the circumferential 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 type I and 

fibronectin tend to trigger the synthetic phenotype, whereas components of the 

basement membrane, such as collagen type IV, laminin or elastin, suppressed the 

synthetic phenotype. However, such effects also show variation between 2D and 3D 

cultures. For example, even though collagen coatings increase the synthetic 

phenotype expressions, it was shown that cell proliferation was slower for cells 

encapsulated in a 3D collagen gel. Phenotype change from contractile to synthetic 

is important in atherosclerosis and restenosis. The main markers of the contractile 

ǎƳƻƻǘƘ ƳǳǎŎƭŜ ǇƘŜƴƻǘȅǇŜ ŀǊŜ ǎƳƻƻǘƘ ƳǳǎŎƭŜ ʰ ŀŎǘƛƴΣ ŎŀƭǇƻƴƛƴΣ Ƴȅƻǎƛƴ ƘŜŀǾȅ 

chain isoforms (Halka et al. 2006). 

The modulation of smooth muscle cell phenotype is directly 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 flow (Jeong et al. 

2005). 
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The wide range of functions of both endothelial and smooth muscle cells indicates 

the reasons behind the shortcomings of purely synthetic grafts and a need to 

incorporate these cellular components in the future implant. Tissue engineering 

offers a method for achieving this goal. 

2.3 Vascular Tissue Engineering 

As a sub-field of tissue engineering, vascular tissue engineering deals with the 

production of bio-artificial implants that can replace arteries functionally and in the 

long run integrate with the host artery totally. 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 reproduce the 3 dimensional structure 

of arteries (Wang et al. 2007) . For this end porous matrices either produced via 

decellularisation of tissues or manufactured from synthetic  polymers such as Poly 

Glycolic acid (PGA), Poly lactic acid (PLA) or from natural polymers such as collagen 

and fibrin have been used to promote smooth muscle growth and tunica media 

production (Cetrulo 2006, Thomas, Campbell & Campbell 2003). After maturation 

of the medial part, the 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 alternative to autografts and allografts used in current 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 natural 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 engineering scaffolds 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 reasons behind the relatively low level of success, or rather low level of 

successful clinical outcomes, are the onerous requirements for a functional vascular 

tissue engineering product. Aside from the general prerequisites of biocompatibility 

and infection-resistance; as blood contacting materials, artificial arteries should be 

thromboresistant, with long term mechanical reliability (kink resistance, burst 

strength, compliance, suturability) and on top of that they should also act as a 

secretory tissues via the endothelial lining and be able to respond to mechanical 

and neural stimuli by being able to change its diameter (Thomas, Campbell & 

Campbell 2003). 

There are some additional problems related to the engineering of the vascular 

tissue which are not encountered in other tissue engineering applications. The 

biggest issue is 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 full functionality 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 the case of 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 well-being of circulatory system. Thus, 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 cells from elderly 

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

2.3.2 Methods and Achievements of Vascular Tissue Engineering 

There are three main approaches to vascular tissue engineering. The first is 

utilization of scaffolds which are populated with arterial smooth muscle cells. 

Population is 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, the main choices are decellularised natural tissues (xenogenic 

arteries or small intestine submucosa) or manufactured synthetic or natural 

polymer based structures (Kakisis et al. 2005). As for scaffold forms the main 

choices are porous foams or hydrogels, mainly for encapsulation purposes. 

Generally, seeded scaffolds are conditioned in bioreactor systems under pulsatile 

flow to imitate the effect of blood flow (Isenberg, Williams & Tranquillo 2006, 

Buttafoco et al. 2006). The second approach is to use the patientΩs 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 capabilities of 

the smooth muscle cells and fibroblasts (Baguneid 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 1986 (Weinberg, Bell 1986). They used bovine originated cells 

in collagen based hydrogels and after a long-term culture vessel like structures 

were obtained, albeit with low strength (Figure 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 mechanical stabilizer. 

hǘƘŜǊ ƴŀǘǳǊŀƭ ǇƻƭȅƳŜǊǎΣ ŜǎǇŜŎƛŀƭƭȅ ŦƛōǊƛƴ ǎƛƴŎŜ ƛǘ Ŏŀƴ ōŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǇŀǘƛŜƴǘΩǎ 

own blood so would be less immunogenic, have also been successfully used in 

similar schemes (Helm, Zisch & Swartz 2007, Mol et al. 2005). 

 

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

natural components is to utilize decellularised vessels, which have been used with 

Figure 2.6 Step by step production of Weinberg Bell arterial model. Even though, it is 

quite beneficial for smooth muscle cell circumferential alignment, it suffers from lack of 

physical strength due to the weakness of the starting collagen gels (Isenberg 2006b) 



31 
 

limited success (Kerdjoudj et al. 2006, Martin et al. 2005). Decellularised scaffolds 

are advantageous in the sense that the orientation and distribution of the ECM 

molecules are very close to those of native structures. Also, decellularised scaffolds 

may retain entangled or fixed growth factors that can be further released after 

culture and remodelling. However, the generally harsh nature of the 

decellularisation process can result in batch to batch differences between different 

decellularised scaffolds. Moreover, decellularised systems, especially from other 

donors or species, also pose disease transmission problems.  

For improving the mechanical properties of the conduits, several synthetic 

materials have been utilized as vascular tissue engineering scaffolds (Figure 2.7). 

Utilized polymers include PCL, PLGA, PGA. Although synthetic materials offer better 

mechanical properties and long term stability, their degradation rate and the effect 

of degradation products on the behaviour of the cells is of major concern. Niklason 

and co-workers used PGA based scaffolds and have successfully covered the surface 

of these scaffolds with endothelial cells (Niklason, 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 synthesized 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 vessel-like structure was obtained 

through the inflammatory response of the host body (Campbell et al. 2004, Chue et 

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

!ƴƻǘƘŜǊ ǉǳƛǘŜ ƛƴƴƻǾŀǘƛǾŜ ŜȄǇŜǊƛƳŜƴǘ ŎƻƴŘǳŎǘŜŘ ōȅ [ΩIŜǳǊŜǳȄ Ŝǘ ŀƭΣ ǎǳƎƎŜǎǘǎ 

production of a functional artificial vessel without any scaffold (L'Heureux 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 patent for at least one month, with a burst 

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 very risky when the 

probability of contamination is considered. 

 

 

 

 

Figure 2.7. Cell seeded synthetic scaffold vs. carotid artery. Comparison 

of smooth muscle cell seeded synthetic composite graft (made of PVDF 

and fibrin) and natural carotid artery cross-sections after 2 weeks of cell 

culture. Similar cell numbers were obtained in the composite graft; the 

original polymer scaffold is still visible in places (Marked with arrows) 

(Tschoeke et al. 2008). 
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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 respect. 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 shear stresses (Alobaid et al. 2006, Feugier et 

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

endothelialisation, tissue engineering constructs are easier to endothelialise 

Figure 2.8 Scaffoldless vessel production.  [ΩIŜǳǊŜǳȄ Model of 

scaffold-less artificial vessel after 9 weeks of maturation, a 

self-sustaining vessel like structure without using any scaffold 

material (L'Heureux et al. 1998) 
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compared to the standard vascular graft, due to the generally more suitable nature 

of the substrate for cell attachment (Ibrahim, Ramamurthi 2008, He et al. 2005) 

especially for the case of decellularised tissues and natural polymer based scaffolds. 

In addition to this, in-vitro shear conditioning of the endothelial layer is hugely 

beneficial (Inoguchi et al. 2007). 

As can be seen from 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 tissue. Thus 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 second challenge 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 

muscle cells is to achieve ECM secretion during the degradation of the scaffold, so 

that it  can be replaced with the native ECM which is the product of smooth muscle 

cells. The removal process can be passive if the scaffold is mainly made of synthetic 

polymers or 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 between 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 conversion, 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 result in something 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 

spiral-like structure in native vessels with respect to the direction of the load and 

this orientation has an effect on ECM secretion too (DeLong, Moon & West 2005/6). 

The stiffness and the density of the encapsulating scaffold are also 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 in vascular 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 should be resistant to fatigue 



36 
 

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 mechanical 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 pre-made structures or as injectable scaffolds 

(Kopecek 2007). Injectability is especially 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 glycol (PEG), polyvinyl alcohol (PVA), poly ethylene oxide (PEO), 

Polyacrylic acid (PAA), Polypromyl fumarate (PPF) (Hong et al. 2007, Drury, 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 radiation (Razzak et al. 1999). 

Hydrogels have high water content and generally show viscoelastic behaviour. They 

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 tissue-like structure. One of the most 

important properties of the hydrogels is their hydrophilicity which decreases the 

rate of protein adhesion onto hydrogels and thus increases their biocompatibility 
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(Nicodemus, Bryant 2008a). However their highly hydrophilic nature can sometimes 

be detrimental for some applications, since cells generally tend to adhere to 

surfaces with intermediate hydrophilicity. The reason behind this is that the cells 

adhere to a surface through the adhesion proteins absorbed onto that surface 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 adhesion. Another plausible route would be the 

development of composite hydrogels (Lozinsky, Savina 2002). The hydration level of 

hydrogels is generally higher than 30% (Drury, Mooney 2003).  

Synthetic hydrogels are advantageous since 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 is their high 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 attachment depends on the 

absorption of adhesion proteins.  On the other hand, natural polymers have 

properties quite similar to ECM which improve their biocompatibility and 

performance as tissue engineering scaffolds. Collagen, fibrin, and hyaluronic acid 

are all natural components 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 in turn may change the enzymatic 
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cleavage of the natural constituents of the hydrogel, but can also hinder growth 

factor penetration (Dikovsky, Bianco-Peled & Seliktar 2006). 

It can be said that the ideal hydrogels for tissue engineering would be composites 

of natural and synthetic polymers which can then demonstrate the 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 pendant ςOH groups. It is formed through 

hydrolysis of acetate groups of poly vinyl acetate which itself, is polymerized from 

vinyl acetate monomers. The main properties that define PVA behaviour are the 

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 weight (Guo, Xu 2005). 

  

Figure 2.9 Typical structure of cryogels a)Polyvinyl alcohol (Lozinsky et al. 

2007) which shows cryostructuring as can be observed by the presence of  

aligned PVA chains b) Polyacrylamide (Plieva et al. 2004) which shows a 

mesoporous structure 

 

(b) 
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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 glutaraldehyde, succinyl chloride), freeze/thawing, 

gamma irradiation and photopolymerisation. PVA hydrogels have desirable 

mechanical, swelling and optical properties which make them suitable for tissue 

engineering (Mangiapia et al. 2007). 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 compromise the biocompatibility 

of the final hydrogel. Also, gels formed with this method are highly elastic and 

durable, which is quite important for soft tissue engineering. However, PVA based 

cryogels have some disadvantages such as the need for sterilization, which is not 

necessary in the case of the gamma-irradiation crosslinked hydrogels which are 

inherently sterile (Chowdhury et al. 2006). Moreover, in the presence of the natural 

macromolecular additives, such as chitosan, dextran and bacterial cellulose, the 

gelation process is different because generally these additives 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 backbone (Mathews et al. 2008). PVA has been 

shown to be biocompatible, eliciting a minimal inflammatory response upon 

implantation (Stammen et al. 2001). One of the most promising properties of PVA is 

its ability to form physical hydrogels, described as 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 non-covalent bonds such as 
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hydrogen bonds, ionic bonds 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 addition 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 a porogen, leading to a gel with high 

water content. Gelation can occur in each of the three steps of the freeze-thawing 

process; freezing, storage in frozen state or during thawing. For PVA the most 

important step is thawing, since this is where most of the gel formation occurs 

(Komarova et al. 2008). One of the main aspects of cryogelation is that not all of the 

solvent freezes under these conditions and there 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 conversion between spongy and 

non-spongy cryogels depends on the freezing regime and the concentration and 

composition of solute. The physical gelation occurs through formation of a three 

dimensional non-covalent bond structure, either hydrogen bonds or hydrophobic 

interactions depending on the nature of the solutes. The degree of hydrolysis is 

important for PVA, since a high level of presence of acetyl groups on the chain 

causes inhibition of bond formation. 
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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 property for its 

utilization in tissue engineering applications and this has been overcome mainly by 

two methods; tethering of cell adhesive molecules to the PVA backbone covalently 

(Nuttelman et al. 2001) or 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 applications (Sbarbati Del Guerra et al. 1994, 

Koyano et al. 1998, Koyano et al. 2007, Moscato et al. 2007, Bajpai, Saini 2006). 

Each of these additives has a different effect on the cryogelation and on the 

subsequent final physical properties of the resultant cryogel. Thus, utilization of 

several different additives to determine the optimum additive for a given 

application merits investigation. 

Figure 2.10. Cryogelation process, Gel formation via entanglement, hydrogen bonding and 

formation of crystallites. Reproduced from (Bajpai and Saini 2005) adapted (Peppas and 

Stauffer 1991) for Gelatin. 



42 
 

Chitosan is a linear polysaccharide composed of (1ς4)-linked d-glucosamine and N-

acetyl-d-glucosamine which is obtained by deacetylation of chitin, which is 

extracted from the exoskeleton of arthropods. Deacetylation degree and molecular 

weight affect several characteristics of chitosan, such as 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. Chitosan can be used for 

various scaffold forms (Chen et al. 2007, Inanc et al. 2007) and it has anti-microbial 

properties (Shi et al. 2006). 

Starch is a plant based storage polysaccharide 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 which has a branched structure. The ratio of amylase to amylopectin 

differs from species to species. As a water soluble polysaccharide, starch has been 

used in several tissue engineering applications (Tudorachi et al. 2000). 

Gelatin is formed by hydrolysis and denaturation of collagen which is an irreversible 

process. So gelatin lacks the fibrillar structure of collagen, but still contains cell 

attachment sequences and still demonstrates the properties of a protein. The ease 

of extraction and storage and being cost-friendly makes gelatin a widely used 

biomacromolecule in the biomedical field.  The main source of collagen for gelatine 

production is either animal skin or tendons or bone (bovine skin is one of the most 

widely used 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. 2004). Gelatin can form physical 

hydrogels by 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 the final 

hydrogel. Moreover, since these polymers do not gelate as strongly as PVA during 

freeze-thaw cycles, their loss during culture period through leeching is likely 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 cost-efficient physical way to crosslink 

polymers, can 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 network (Termonia 1995). This 

can be used for further crosslinking of the hydrogel when highly concentrated 

solutions are used. The so-called coagulation bath treatment results in co-

precipitation of the two components of the composite hydrogel system together 

and produces a 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 studies, cryogels have been mainly used as substrates for 

cellular growth, which is a suitable scenerio for endothelial cell culture. However 

smooth muscle cells would need a 3 dimensional environment to grow and 
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utilization of cryogelation for cell encapsulation is a less explored territory (Lozinsky 

et al. 2007). The next section discusses the advantages of the cell encapsulation 

route for 3 dimensional cell-laden tissue engineering constructs. 

2.5 Cell Encapsulation and Storage 

In most of the current scaffold schemes, and also in standard tissue culture 

substrates, cells have an empty space around them. This is quite unlike in-vivo 

conditions, where cells are surrounded by an ECM even during wound formation. 

The empty area for cell migration in the ECM in-vivo is not comparable to the area 

presented by pores or inter-fibrillar space in meshes which are produced as tissue 

engineering scaffolds. These open interconnected pores are necessary for cell 

repopulation, but the effect of this discrepancy 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 anchorage-dependent cell attachment and proliferation and (iii) 

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 and temporal distribution of the 

cells can be controlled better. However 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 in 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 migration (Mironov et al. 2009). 
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Moreover, the porous nature of these scaffolds actually provides a 2-dimensional 

environment for the cells, since cells face an empty liquid filled area in their upper 

region, unless they are encapsulated. It is hypothesized that this 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 (Zimmermann et al. 2007).  

An alternative to overcome this problem is encapsulating cells within the scaffolds, 

by which the physiological structure can be somewhat imitated. Cell encapsulation 

first started as a method to immunoisolate cells, such as pancreatic and hepatic 

cells (mainly xenogenic or allogenic cells) from the host without compromising their 

functionality (Canaple, Rehor & Hunkeler 2002). This treatment scheme can be used 

for a wide range of endocrine secretion related diseases and also some 

neurodegenerative syndromes (Uludag, De Vos & Tresco 2000). Another reason for 

encapsulating cells is to protect them from the detrimental effects of in-situ 

crosslinking of a complex, load 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 rate controlling 

element for the diffusion of growth and differentiation factors and moreover as an 

easier method to distinguish and separate sub-cell populations (Maguire et al. 

2006) (Figure 2.11). For vascular tissue engineering 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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Storage of tissues and tissue engineering products is an important obstacle for the 

commercialization of tissue engineering research outcomes. As a patient-specific 

technology, tissue engineering promises to deliver patient-specific products in a 

timely manner. However, the variation in physical properties of each tissue, even 

ǿƛǘƘƛƴ ǘƘŜ ǎŀƳŜ ǇŀǘƛŜƴǘΩǎ ǎȅǎǘŜƳΣ ƳŀƪŜǎ ǘƘƛǎ ǇǊƻƳƛǎŜ ǳƴŦŜŀǎƛōƭŜ ŀƴŘ ǎǘƻǊŀƎŜ 

Figure 2.11 Micrographs of encapsulated cells, phase-contrast and live-dead assay 

results. Phase contrast microscopy (Left hand side images) can be used to locate 

the cell distribution, as cells can be seen within the hydrogel structure at different 

depths, individually or in groups. However to ensure viability, additional tests are 

necessary. Live/Dead assays (Right hand side images) are developed for these 

situations, where green areas denote viable cells, whereas red areas are dead cells 

(Maguire et al. 2006, Khademhosseini and Langer 2007).  
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systems crucial. There is evidence that shows that cryopreserved tissues and tissue 

engineering products have markedly different characteristics, such as different 

mechanical properties and cellular response with respect to fresh samples (Liu et al. 

2002). Encapsulated cells are also a good alternative for storage of the tissue 

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 structure (Itle, Pishko 2005).  

This approach would also be beneficial in the sense that the tissue engineering 

constructs can be stored as a ready-made product which contains cells instead of 

needing a long culturing period prior to implantation. Encapsulation of cells has 

been tried for a long period of time for various applications (Jen, Wake & Mikos 

1996). Gelation of the solution containing the cells can be achieved by several 

methods like photopolymerisation, ion addition (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 essential problem 

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 were the case 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 encapsulation (Wang 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 and density of the final gel on cell 

behaviour have been seen with other encapsulation systems too (Burdick, Anseth 

2002). However, generally, the concentration of the gelation solution is dictated by 

mechanical requirements. 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 dependent on the degradation rate and it is further 

ǊŜǎǘǊƛŎǘŜŘ ōȅ ŎŜƭƭǎΩ ƻǿƴ 9/a ǎŜŎǊŜǘƛƻƴΦ 5ƛŦŦŜǊŜƴǘ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ ƛƳǇƻǎŜ 

different sets of threats to cell viability. For example encapsulation via freeze-

thawing is impeded by the ice crystal formation and rupture of the cells which can 

be partly solved by addition of cryoprotectants such as DMSO (Qi et al. 2004). A 

secondary limitation is the size of the hydrogels, since encapsulated cells require a 

steady diffusion 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 network, which 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 hydrogels 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 enables better diffusion of the nutrients. Such studies have not established the 

possible differences between different areas within the hydrogel, due to the 



49 
 

uneven exposure to light (Baroli 2006). Moreover, the encapsulation 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 bottom-up tissue 

engineering scaffolds which would contain different cell types to produce complex 

tissues in a tailor-made manner from small micro-moulded units (Yeh et al. 2006). 

Utilization of photolithography, micromoulding and microfluidics techniques has 

resulted in precise control over cell-laden hydrogel properties (Khademhosseini, 

Langer 2007). This would create the opportunity to be able to separate different 

cell types present in a given tissue while keeping the biochemical 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 applications. Namely, 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 in-

vitro. All these three conditions have different effects on the cells and the decision 

of which one would be best suited 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 differentiation 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 structure (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 as a response 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 adhesiveness of the 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 cell-seeded on to the scaffolds, 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 and if this 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. 2008), which 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 recyclable 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 improving cell behaviour within them. Some options are 
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polyethylene glycol (PEG), polyvinyl alcohol (PVA), polypropylene fumarate (PPF), 

poly ethylene oxide (PEO) (Elisseeff 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 

semi-permeable membrane encapsulation, which is mainly used for metabolic 

product engineering, and the case of connective tissue engineering where 

mechanical properties and ECM secretion also needed to be considered. This 

necessitates utilization of complex statistical models for multiple-variable 

optimization of these parameters for both the start and end point 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 while compromising the cell viability minimally 

(Nuttelman et al. 2008). However, this is not a very clear-cut procedure, because 

the cytotoxicity is highly dependent on cell type and it was found that proliferative 

capacity decreases the tolerance of a cell line to photoinitiators (Williams et al. 

2005). This would hint that the condition of the cells in culture just before 

encapsulation is an important determinant of their behaviour. Thus, the confluency 

level of the cells before trypsinisation 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 rate of diffusion 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 imposes an 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 to cells for 

ECM deposition (Zimmermann 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 

PVA 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 cryoprotectants (Chin Heng, Yu & Chye 

Ng 2004). An encapsulation system utilizing freeze/thawing 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 prevent ice 

crystal formation vitrification can be utilized; but it has mainly been successfully 

utilized for encapsulation of single cells (Demirci, Montesano 2007). Our aim is to 

employ cryogelation first for encapsulation of the cells and then develop a 

procedure from the data obtained from the short and long term response of the 

cells to the encapsulation conditions. 
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Encapsulation and the nature of the encapsulating material may 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 2008b) the modelling of cell behaviour in 3D encapsulation 

schemes under different physical conditions and determination of the underlying 

material-independent mechanisms. Currently, characterisation of a wide range of 

encapsulation systems has given widely scattered and occasionally 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 surroundings (Nicodemus, 

Bryant 2008b). Moreover, the main method to prepare hydrogels with different 

ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƛǎ ǘƻ ŎƘŀƴƎŜ ǘƘŜ ƛƴƛǘƛŀƭ ǎƻƭǳǘƛƻƴΩǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ǿƘƛŎƘ ŀƭǎƻ 

has a direct effect on the degradation properties of the hydrogels (Bryant et 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 even though it does not cause a failure, it might have more 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 sizes there would be an accumulation of collagen around the cells due 

to this diffusion restriction. This might change the behaviour of the cells by itself, 

since the nearby microenvironment of the cells would become distinctly different 

from that of the whole hydrogel structure. Thus, 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 mechanical properties of their target tissue, 
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which is predominantly a soft tissue. The next section discusses the mechanical 

properties of soft tissues and the similarities of hydrogel mechanical behaviour to 

that of soft tissues.  

2.6 Mechanical Properties of Soft tissues and Hydrogels 

Soft tissues, such as ligaments, cartilage and 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 interdispersed cells, 

which is the reason for their non-linear viscoelastic behaviour. Mechanical 

behaviour of the soft tissue is directly related to the arrangement and relative 

abundance of these components. The main constituents present in the ECM of soft 

tissues are several types of collagen, elastin and proteoglycans. Collagen is the main 

load carrying element. In blood vessels the most abundant collagen types are 

collagen type I and type III. Collagen is generally found in the form of  fibrils in a 

certain orientation which renders soft tissues anisotropic. Elastin is another protein 

and as its name implies it is highly elastic. Three dimensional networks of elastin 

endows the vessels their elasticity.  The main mechanism behind the elasticity of 

this network is its ability to get oriented with the increasing stress and thus store 

potential energy.  

The main characteristics of the mechanical properties of the soft tissues are their 

anisotropic response to stress and strain, non-linear stiffening and dependence of 

the final strength on strain rate. They can go through large deformations and 

exhibit viscoelastic properties, which are mainly related to the activities of the gel-

like proteoglycans. The response of the soft tissues can be divided into three 
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phases. The first is a nearly isotropic, linear response mainly due to the stretching 

of elastin fibre. The second phase is a nonlinear phase as the collagen fibres 

straighten and start to resist the stress. In the third phase the collagen fibres are 

fully elongated and the material becomes stiffer as the stress increases (Holzapfel, 

2001). In arteries, the arrangement of the smooth muscle cells also contributes to 

the mechanical properties. Arteries contract about 40% when isolated, proving that 

they are under tension under physiological conditions and stress induced by the 

blood flow corresponds to 10-20% strain (Silver, 2003) 

For arteries the most important mechanical parameter is the burst strength; which 

varies with respect to thickness and diameter. An artificial vessel should at least 

match the burst strength of the target area. Another important parameter is 

compliancy. Any compliancy mismatch will result in neointimal hyperplasia 

formation. The elastic vessel wall is highly extensible and has a great capacity to 

recoil; which is crucial for the dilation and constriction of the vessels by smooth 

muscle cells; in the absence of this elasticity artificial vessels can dilate irreversibly 

and can be weakened by creep (Lillie, Gosline 2007).  

Hydrogels are viable options to imitate these behaviours, since they demonstrate 

similar general viscoelastic characteristics. The only difference is the determining 

factors behind the behaviour, such as the density of the crosslinks, degree of 

swelling of the hydrogel (Anseth, Bowman & Brannon-Peppas 1996) or the 

concentration of the initial solution (Anseth 1996). Moreover, the mode of gelation, 

crosslinking, polymerization or physical gel formation, also has an effect on the final 

properties. Hydrogels owe their 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 entanglements of the polymer chains, this reorientation will have 

different time-dependency which gives rise to the different viscoelastic properties 

of different hydrogels. Specifically for PVA cryogels, the similarity in the mode of 

non-linear viscoelastic behaviour with the vascular tissue is quite good. Generally 

the results of mechanical tests fit quite well with that of animal tissue sample tests 

(Wan et al. 2002). The response hierarchy of the natural tissues, the low stiffness 

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 these properties, PVA 

cryogels have been used as MR phantoms for more than a decade (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, since the cellular 

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

2.7 Mechanotra nsduction 

2.7.1 Bioreactor systems 

Requirements for an animal cell culture bioreactor are based on the properties of 

animal cells. Bioreactors are systems that are designed to amplify cells rapidly while 

providing them with necessary conditions for their viability, without the labour 

intensive manual fed-batch methodologies. Since most of the animal cells are 

anchorage dependent, bioreactor designs for animal cells generally include a solid 
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support matrix. Problems faced in an animal cell based bioreactor system are, 

sensitivity of the cells to high mechanical stimulations, a stringent oxygen and 

nutrient requirement and high risk of contamination. The need for bioreactors for 

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 conditions (Scragg 1991). In the area of vascular tissue engineering 

the second need is crucial and there have been lots of efforts in developing custom- 

made vascular tissue engineering bioreactors that would provide pulsatile flow 

conditions similar to that of blood flow. These pulsatile flow bioreactors, which 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 nutrient transport, improved extracellular 

matrix formation, enhanced mechanical stability and phenotypic changes 

depending on the target tissue (Flanagan et al. 2007, Jeong et al. 2007, Abilez 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/strain environment for 

tissue engineering bioreactors is dependent 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 

depending on the cells in question, which can be defined as mechanotransduction 

in general. 
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Mechanotransduction is the general term used for the biochemical or physical 

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 bone, compressive 

forces due 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 endothelial cells are exposed to due to blood flow, and cyclic strain (due 

Figure 2.12 CellMax Hollow Fibre Bioreactor for co-culture of Smooth Muscle cells 

and endothelial cells on hollow fibres, which provide the physical segregation of the 

cell types. Pulsatile flow is obtained by a pump system and 4 bioreactors can be run 

simultaneously (Image is obtained from Spectrum Labs Inc. website, 

www.spectrumlabs.com). 
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to the circumferential stress created by the blood pulses) stemming from the 

pulsatile nature of the blood flow that mainly affects smooth muscle cells (Figure 

2.13). 

 

 

 

2.7.2.1 Shear Stress 

The wall shear stress component, due to the lateral frictional 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 to maintain quiescence and release 

the signals that would ensure quiescence by the smooth muscle cells also (Kudo et 

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

Figure 2.13 Blood flow induced mechanical stimuli. Mechanical stimuli 

which affect endothelial cells and smooth muscle cells respectively, shear 

stress and cyclic strain (Hahn 2009) 




