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    Chapter 25   
 Enhancing Endothelialisation of Artifi cial/
Engineered Blood Vessels Using 
Structural Cues  

             Kirstie     Andrews      and     Amir     Keshmiri    

25.1             Introduction: The Need for Artifi cial Blood 
Vessel Analogues 

  We will  describe the importance of endothelialisation of artifi cial blood vessels, 
discuss the techniques that can be utilised to enhance this cell layer, with a focus on 
using the underlying structural cues from the engineered materials, and detail 
methodology used to examine the effects of these properties upon the endothelial 
cell behaviour. 

 The processes of angiogenesis and vasculogenesis are important for the forma-
tion and regeneration of tissue and organ structures. However, they are not always 
naturally possible due to these functions being impaired by damage or disease. The 
fabrication of engineered blood vessels to artifi cially create angio- or vasculo- 
genesis can therefore be employed [ 1 ,  2 ]. 

 Problems requiring the use of an engineered/artifi cial blood vessel (graft) include 
occluded vessels due to stenosis, damaged vessels resulting from trauma or aneurysm, 
and the formation of a new tissue structure through regenerative therapies. Both the 
replacement and the repair of blood vessels are viable treatment options. 

 Currently, the “gold standard” option is to use naturally occurring vessels such as 
the saphenous vein; however, this brings inherent problems including additional 
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surgery for the patient, and the frequent unsuitability or limited availability of their 
veins due to systemic disease. There is also a lack of viable treatment options when 
the blood vessel is less than 6 mm in diameter [ 2 – 4 ,  6 ]. Hence, artifi cial blood 
vessels, following either biomaterial or tissue engineered approaches, are utilised. 

 The artifi cial vessel, regardless of its construction method/material, should 
closely match the structure and properties of the natural tissue it is replacing. This 
is to maximise the functionality and viability of the substitute tissue and the contained 
blood fl ow. A signifi cant contributing factor towards achieving this is the vascular 
biology technique of endothelialisation.  

25.2     Endothelialisation of (Artifi cial) Blood Vessels 

 Endothelialisation is the formation of a layer of endothelial cells on the luminal surface 
of natural blood vessels; with regard to engineered grafts, these cells form a confl uent 
barrier between the artifi cial material and the circulating blood to prevent the initiation 
of the clotting cascade, immune response, thrombus/plaque formation and stenosis. 
The ultimate aim is for cells to align preferentially in the direction of blood fl ow, 
with non-activated, non-infl amed, stable phenotype, thus allowing the blood vessels to 
function naturally demonstrating thromboresistivity and high patency [ 2 – 4 ,  7 ,  8 ].  

25.3     Current Methodologies in Optimising Artifi cial Blood 
Vessels: Use of Endothelialisation 

 In order to achieve this, endothelialisation has to be addressed as a vascular biology 
strategy- although promising animal trial data has been produced, there is a lack of 
inherent mechanism in humans for re-endothelialisation to occur over sustained 
surface areas. There is also evidence that human endothelial cells show low adhe-
sion, are slow to populate the disturbed vessel surfaces, and are easily removed and 
damaged by blood shear stresses [ 2 ,  4 ,  7 ,  9 ]. 

 This endothelialisation of the artifi cial vessels can be approached using three 
potential strategies (or a combination of): preseeding; precoating; in situ endotheli-
alisation. Each has advantages and disadvantages to their use:

   Preseeding is an in vitro approach, which uses the structure and/or chemistry of the 
graft material to produce a layer of adhered, oriented and spread endothelial cells 
on the luminal surface. Signifi cant bodies of research have demonstrated a direct 
link between the underlying material and the induced resulting cellular behaviour 
[ 1 ,  2 ,  4 ,  10 ]. The cells are seeded onto the materials, in optimised densities, in 
sterile laboratory conditions and cultured. This seeded material is then implanted 
as a whole construct. Some researchers are trying to move away from/modify 
this approach due to its associated cost, time and cell sourcing issues [ 6 ,  11 ].  

  Precoating is the use of a covering layer upon the luminal surface of the material 
comprising the blood vessel wall, usually a biological material such as collagen. 

K. Andrews and A. Keshmiri



311

This enhances the cellular adhesion, growth and proliferation upon the artifi cial 
structure; however, the underlying structure is still ideally detectable through this 
layer to aid in directing the cell growth. This coating itself introduces material 
effects, such as hydrolysis, and is potentially unstable in its attachment to the 
material; it is also diffi cult to achieve with small diameter grafts. This strategy 
can be used in combination with preseeding or implanted directly [ 2 ,  4 ,  12 ,  13 ].  

  The in situ method aims to coat the artifi cial materials with a natural endothelial 
layer after implantation; either using uncoated material or in combination with 
the precoating technique. However, this approach is subject to the previously 
mentioned issues for of slow cell adhesion, coverage of only small distances and 
shear stress effects from the fl owing blood. Hence, enhancement of the inherent 
regrowth mechanisms of the endothelial cells is required. There is also a risk of, 
in the initial implantation stages, that the uncovered material will induce clotting 
and/or immune responses [ 2 ,  4 ,  14 ,  15 ].    

 It can be seen that all of these methods, from some aspect, require the contribu-
tion of the underlying material structure and chemistry, in order to produce the 
required cellular mechanisms and growth/adhesion. There is a large bulk of research 
looking at the effect of the material chemistry, and which, in combination with 
surface coatings, has shown the benefit of carefully selecting the material (and 
its associated surface charges and hydrophobicity) to produce the optimum cell 
adhesion and growth patterns [ 6 ,  10 ,  16 – 19 ]. However, there are also studies that 
indicate the critical effect of the structural cues upon the same cell behaviour [ 8 , 
 20 – 27 ]. Structural cues can be used regardless of material choice, and are a signifi -
cant research area within cell biology; the effect of a cell’s environment upon its 
behaviour has been widely reported, with the nano- and micro-environments of the 
natural extracellular matrices and basement membranes providing contact guidance 
for the cell responses [ 28 ,  29 ]. These properties are also an important factor if 
considering the performance of currently used clinical vascular grafts, with protein 
coatings such as collagen/albumin, used to reduce blood loss through the pores; 
although the structures are still detected and are an infl uencing factor upon the 
contacting endothelial cells [ 5 – 8 ,  12 ,  19 ,  23 ,  30 ]. The ultimate aim is to replicate the 
signalling and guidance provided in the natural environment through the manipula-
tion of the underlying artifi cial material [ 9 ,  31 – 34 ]. 

 Hence, here we describe basic protocols for developing improved endothelialisa-
tion of artifi cial/engineered blood vessels through the use of structural cues, and how 
to analyse the effects of these modifi cations. The chapter will end with a focussed 
example concerning the topical, and increasingly used, electrospinning technique [ 8 , 
 20 ,  35 – 41 ].  

25.4      Methodologies Using Structural Cues 

 The surface properties most identifi ed in the literature as having signifi cant effects 
upon the contacting cellular behaviour are: pore size, “fi bre” diameter, surface 
roughness, porosity (including interconnectivity), fi bre orientation and material 
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stiffness (Young’s Modulus). The signifi cance of the property varies with the 
fabrication method used. In general terms, studies have shown that endothelial cell 
proliferation is affected by the amount of material (including void space and fi bre 
diameter; increased material raises the proliferation); material fi bre orientation 
affects cellular alignment (increased orientation increases alignment) but not prolif-
eration; cell retention under shear stress (blood fl ow) is also infl uenced by fi bre 
orientation although there is an additional link to the amount of material present, 
with more complicated dual-effects in place (increased fi bre orientation increases 
cell retention although this varies with combined increased surface area of material); 
lower surface roughness increased endothelial cell adhesion; increased topography 
increases the cytoskeletal involvement of the cells and so the ability to adapt to 
shear stress effects (again there are complex inter-linked effects from the different 
properties- the aim is to produce high amounts of both focal contacts and F-actin to 
enable adhesion but also movement in combination with low height profi les) [ 3 ,  7 , 
 8 ,  20 ]. These overall trends are affected by the class of structure produced by the 
selected fabrication method, e.g. fi brous electrospun scaffolds, or porous extruded 
foams [ 19 ,  21 ,  23 ,  24 ,  35 ,  39 ]. 

 In order to determine the specifi c material effects upon induced/controlled 
cell responses, a wide range of cell behaviours can be investigated: changes in cell 
morphology, adhesion, proliferation, viability, cell area and expressed signalling/
infl ammatory markers. These can be analysed within a simple panel of laboratory 
tests performed upon the cell-seeded material samples, as outlined below. The 
experiments performed are applicable for static and dynamic (peri- and/or post-
culture) cell culture samples, as an initial stage of testing before animal models and 
tissue samples are used, and can be used as whole panel or as individual tests 
(depending on the focus of the experiments/research).  

25.5       Basic Protocol 

 All materials used and their source companies are listed throughout the detailed 
protocol sections. For all sections, a minimum of four repeats is recommended to 
increase statistical accuracy and the assessment of relationships between the altered 
structural parameters and the induced cellular behaviour.

    Step 1: Fabricate a range of material samples with systematically altered and 
controlled structures     

 Fabricate the selected polymer into an artifi cial blood vessel construct using the 
production method of choice (e.g. extrusion, electrospinning); systematically alter 
the fabrication parameters to produce a range of structures with variation across the 
property under focus (e.g. pore size) (for guidance regarding potentially signifi cant 
structural properties to initially investigate please see Sect.  25.4  of this chapter).
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    Step 2: Analyse the pre-culture material properties     

 Cut 1 cm 2  sized pieces of the material- these are then analysed to determine the 
pre-culture analysis of the material structural properties (see later sections for more 
detail).

    Step 3: Perform cell culture tests on the material samples     

 Cut appropriate sized samples for cell culture experiments; these will typically 
consist of 1 cm 2  fl at pieces for static or fl at dynamic tests, or 5–10 cm lengths of 
tubes for dynamic (e.g. bioreactor) tests. 

 Sterilise the samples using a non-reactive method (polymer-dependent), i.e. your 
samples should not shrink/swell during the process. 

 Secure the sample in place in a 24-well plate (these experiments should be run 
simultaneously across the range of selected structural property, and further repeats 
performed at future dates); cell suspension rings or sterile glue can be used. 

 Seed the samples with endothelial cells; a seeding density of 5 × 10 4  cells per 
sample allows a range of culture periods to be analysed without over-proliferation 
of the cells. Seeding with the cells suspended in a very small volume of media 
(approximately 100–200 µl), leaving to settle in the incubator for 20–30 min then 
adding the required 1–2 ml of media ensures the adhesion to the material rather than 
tissue culture polystyrene well surface. (Medium consists of 40 % DMEM 
(Dulbecco’s Modifi ed Eagles Medium), 40 % 199 (containing modifi ed Earle’s 
salts) (Gibco™, Invitrogen Corporation, Paisley, UK), 20 % bovine fetal calf serum 
(FCS) (Cambrex, Nottingham, UK), 1 % non-essential amino acids (NEAA), 1 % 
sodium pyruvate, 1 % streptomycin and penicillin.) 

 Samples are cultured for periods of 3, 7, 14 and 28 days, with media changes 
every 3 days.

    Step 4: Remove the cell-seeded material samples from culture conditions and 
perform post-culture analysis to acquire data     

 After the designated time period, samples are removed from the culture condi-
tions, the media removed and a gentle rinse with phosphate buffered saline (PBS) 
(Dulbecco’s, d.PBS) performed. 

 Samples are prepared according to their method of testing- see separate sections in 
Sect.  25.6  for a more detailed, focussed example of their use. Cell-material analysis 
would typically consist of assays for: morphology; viability; cell number; cell prolif-
eration; cell coverage/area; cell spreading; cell orientation; cell signalling and marker 
expression (including examination of activation, infl ammation and endothelial pheno-
type) (all or a selection of these studies depending on the focus of the investigation). 

 Statistical analysis is then performed, with averages and standard deviations 
 calculated, and one-way ANOVA tests of variance executed to determine signifi cant 
differences between sample groups and observed behaviour. Tukey post-hoc analysis 
with a 95 % confi dence interval is used to rank these signifi cances; Pearson correlation 
coeffi cient is utilised to determine correlative effects from the underlying structural 
properties upon the induced material-cell interactions.  
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25.6      Detailed Protocol with a Focus on the Investigation 
of the Effect of Structural Cues Provided 
from Electrospun Scaffolds on Endothelial Cells 
(Human Umbilical Vein Endothelial Cells (HUVECs)) 
(Some Details Adapted from [ 8 ,  20 ,  41 ]) 

25.6.1     Production of a Range of Fibrous Scaffolds Using 
Electrospinning 

 The polymer of choice was dissolved in an appropriate solvent (e.g. 12.5 w/v % 
Tecofl ex® SG-80A polyurethane (Thermedics, Woburn, USA) with 1:1.68 dimeth-
ylacetamide (DMAC): 2-butanone (methyl ethyl ketone) (MEK) (Aldrich, 
Gillingham, UK)). 

 The spinning (process) parameters were systematically altered between spinning 
runs to produce a predictable range of scaffolds with varying structural components 
[ 41 ]. Parameters included: fl ow rate (fl ow of solution from nozzles); spray height 
(the relative vertical distance of the nozzles from the mandrel); spray distance 
(the horizontal distance of the nozzles from the mandrel); traverse speed (the constant 
linear speed of the traverse); mandrel speed (the constant rotational speed of the 
mandrel); applied voltage and temperature/relative humidity. 1 cm 2  samples were 
cut for use in further analysis and tests.  

25.6.2        Characterisation of Pre-culture Scaffold 
Structural Properties 

 The pre-culture scaffolds were characterized for inter-fi bre separation (ifs), fi bre 
diameter (f.dia), void fraction (VF), surface roughness (SR) and fi bre orientation 
(f.orn). 

 Ifs, f.dia and f.orn measurements were taken using a fi eld emission scanning 
electron microscope (SEM), with a working distance of 8 mm, an acceleration gun 
voltage of 5 kV and the secondary electron detector. Samples were fi rst sputter- 
coated with chromium (approximately 50 nm coating) for 2 min at 125 mA in an 
argon atmosphere. Measurements were taken of the structures at approximately 
×1,000 magnifi cation, using SEM digital measuring tools, from the top layer of 
fi bres as indicated by their overlapping on the images. 

 VF was also analysed using the SEM images, combined with the use of the imaging 
software, using macro programs to analyse the stored microscope images (software 
can include the proprietary microscope package such as KS400 or AxioVision 
(Zeiss, Welwyn Garden City, UK) or ImageJ (NIH, USA)). 

 Atomic force microscopy (AFM) was used to quantify the SR of the scaffolds. 
The probe was fi tted with a silicone-nitride (Si2N4) tip, operated in contact mode. 
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Measurements were taken on an individual fi bre basis, with scan sizes set to 15 µm, 
line scanned at a rate of 1 Hz, and a z range of 4.69 µm. 

 Ifs measurements were repeated 20 times, f.dia 14 times, SR and VF 5 times and 
f.orn 20 times per sample.  

25.6.3     Cell Culture of Electrospun Material Samples 

 As described in Steps 2 and 3 in Sect.  25.5  of this chapter.  

25.6.4     Analysis of Post-Culture Cell-Material Samples 
with Induced Cell-Material Interactions 

25.6.4.1      General Cell Morphology, Area and Spreading Imaging 
and Analysis 

  SEM Analysis     Cell-samples were immersed in 2.5 % glutaraldehyde (VWR, 
Poole, UK) solution for 1 h, washed in PBS and distilled water, and dehydrated in 
alcohol (70, 90 and 100 % ethanol for 15 min respectively, each stage performed 
twice). Samples were then dried, preferably critical point dried to enhance the 
surface features of the cells (although careful air-drying can be used), followed by 
sputter- coating with chromium (details previously described). The same SEM 
parameters as detailed in Sect.  25.6.2  of this chapter were used.  

  Confocal Staining and Analysis     Cell-seeded samples were fi xed (after rinsing with 
d.PBS) using 4 % formaldehyde, 2 % sucrose fi xative solution at 37 °C, 5 % CO 2 , 
humidifi ed, for 10 min, then rinsed with PBS. Samples were permeabilized using 
0.5 % Triton X100 solution at 4 °C for 5 min, then rinsed again with PBS. Primary 
antibodies were added and incubated for 1 h at 37 °C: 0.22 mg/ml monoclonal mouse 
anti-human vinculin (Serotec, Oxford, UK). This was followed by a trio of wash 
steps performed in the dark at room temperature for 3 min each, using 0.1 % Tween 
20® solution (ICN Biomedicals Inc., Aurora, Ohio, USA). Secondary antibodies 
were added for 1 h at 37 °C: 0.1 mg/ml rhodamine (rhodamine-conjugated goat IgG 
fraction to mouse IgG whole molecule) (Sigma, Gillingham, UK). The Tween 20® 
wash step was then repeated. Oregon-green phalloidin (Molecular Probes, Leiden, 
The Netherlands) was added at a concentration of 5 µg/ml for 30 min at 4 °C. Samples 
were washed with PBS before mounting with fl uorescence stabilising mountant con-
taining DAPI stain (Vectashield® with DAPI H-1200) (Vector Laboratories Inc., 
Burlingame, CA, USA). Samples were kept in the dark, at 4 °C, until analysis.  

 Images were obtained from a confocal laser scanning microscope (LSM 510) 
(Zeiss, Welwyn Garden City, UK). The DAPI nuclear stain (both cell types) was visu-
alised by UV excitation at λ = 364 nm, a HeNe, λ = 568 nm laser was used to visualise 
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vinculin for focal contacts (L929 cells), λ = 543 nm for HUVECs, and oregon green 
phalloidin for F-actin was excited with an Argon laser λ = 488 nm. All samples were 
examined at x100 magnifi cation. Z-stack (imaging through the vertical plane) 
measurements, through the use of the confocal computer software, were also taken of 
the cells to determine their height profi les on the three different materials. 

 Analysis of all microscope images was performed using an imaging software 
package (as Sect.  25.6.2 ). Programmed macros assessed and calculated cell area, 
coverage (defi ned as the percentage of scaffold surface covered with cells), spreading 
(the index of the degree of spreading of the cells, calculated by dividing the cell 
coverage by the cell number), and orientation (the angle of the cell measured along 
the long axis; degrees).  

25.6.4.2     Cell Numbers and Proliferation Analysis 

 Samples were washed with d.PBS and stored (dry) at −80 °C. Upon analysis, samples 
were thawed at room temperature, and the CyQuant assay performed to determine 
cell number according to manufacturer’s instructions (Molecular Probes, Eugene, 
Oregon, USA); fl uorescence was read using a plate reader. Standard curves (fl uores-
cence versus cell number) were produced from cell pellet data, and used to convert 
fl uorescence into cell number for the material-cell samples.  

25.6.4.3     Cell Viability Analysis 

 Samples were washed with PBS and kept in a wet state under a layer of PBS whilst 
preparing reagents. Live:dead assay (Life Technologies, UK) is used to produce a 
ratio of percentage live and dead cells through two colour fl uorescent staining and 
image analysis, or fl uorescent plate reader data acquisition. Full details should be 
followed according to the manufacturer’s protocol.  

25.6.4.4     Analysis of Cell Signalling and Marker Expression 

 Cell-seeded material scaffolds were rinsed in d.PBS, fi xed in 4 % formaldehyde 2 % 
sucrose solution (VWR, Poole, UK) for 10 min at 37 °C, 5 % CO 2 , humidifi ed, then 
rinsed again with d.PBS. Samples were then stained with sterile fi ltered 0.4 % 
methylene blue for 12 min (VWR, Poole, UK). 

 Each sample was cut into smaller areas and incubated with rabbit serum for 
30 min at room temperature, then with a 1:200 dilution of mouse anti-human primary 
antibodies in PBS containing 1 % bovine serum albumin (BSA) at room temperature 
for 1 h. The primary antibodies used were: collagen I, elastin, fi bronectin, CD54, 
CD106, CD51/61, CD49c; CD31, CD62E/P, vWF (see Table  25.1  for more details 
on this immunostaining panel). An IgG1 isotype control and PBS negative control 
were used throughout all staining procedures. Two PBS buffer rinses followed. 
Secondary antibody solution of rabbit anti-mouse immunoglobulin (biotinylated) 
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(E0464) (Dako A/S, Denmark) (25 µl in 5 ml PBS) was added for 30 min at room 
temperature; again followed by PBS rinses. Samples were then incubated with 
Vectastain ABC-AP kit (AK-500) (Vector Laboratories Inc., Burlingame, CA, 
USA) for 30 min. This was followed by a PBS wash. Incubation in Alkaline 
Phosphatase substrate (Kit 1, SK-5100) (Vector Laboratories Inc., Burlingame, CA, 
USA) followed (Trizma® Base (Tris[hydroxymethyl]aminomethane) (Tris) (Sigma, 
Gillingham, UK) solution of 1.2 g Tris in 100 ml distilled water (pH range 8.2–8.5) 
combined with kit reagents). Samples were incubated with this solution for 30 min 
in the dark, followed by a fi nal wash step in distilled water prior to mounting in a 
fl uorescence stabilising mountant containing DAPI nuclear stain (Vectashield® 
with DAPI) (Vector Laboratories Inc., Burlingame, CA, USA). Samples were kept 
in the dark, at 4 °C, until analysis.

   Positive/negative expression of extracellular matrix and adhesion molecules was 
determined by refl ective light microscopy and laser scanning confocal microscopy 
(methodology already detailed) (methylene blue and DAPI nuclear stains confi rmed 
the correct location of positive staining and provided the ability to co-image cell area 
and quantity/location of positive marker expression); quantifi ed results were obtained 
through the image analysis of the images (described in Sects.  25.6.2  and  25.6.4.1 ).   

25.6.5     Further Analysis to Determine Correlative 
Relationships and Develop the Data Obtained 

 Statistical analysis was then performed as detailed in Sect.  25.5  (step 4) to determine 
signifi cant differences in the produced cell behaviour, and then specifi c correlative 
relationships, i.e. an induced effect upon the cell behaviour directly from the changes 
made to the underlying material structures. 

   Table 25.1    Function of exploratory immunostaining panel for endothelial cells cultured on 
fabricated material samples   

 Antibody used  Information provided from positive staining 

 Collagen I  Fibrous extracellular matrix protein 
 Elastin  Elastic extracellular matrix protein 
 Fibronectin  Component of extracellular matrix, that binds other proteins including 

collagen 
 CD54  Intercellular Adhesion Molecule 1 (ICAM-1); cell-cell interaction and 

adhesion molecule, expressed by stimulated cells 
 CD106  Vascular cell adhesion molecule 1 (VCAM-1); cell adhesion molecule 
 CD51/61  Cell-cell adhesion molecule 
 CD49c  Cell-cell and cell-matrix adhesion molecule 
 CD31  Platelet endothelial cell adhesion molecule (PECAM-1); an endothelial cell 

marker, particularly for intercellular junctions 
 CD62E/P  E-Selectin/P-Selectin; expressed on the surface of stimulated endothelial cells 

(at different rates); affected by applied shear stresses 
 vWF  von Willebrand factor; an endothelial cell phenotypic marker 
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 Optimised structural properties to enhance endothelialisation can then be selected 
and the “designed”, fabricated grafts further investigated for specifi c aspects of 
functionality.   

25.7     Sample Results 

     The examination of two commonly used clinical vascular graft materials (PET and 
ePTFE) showed signifi cant changes to the cellular behaviour resulting from the 
underlying substrate structures. This altered the cellular ability to adapt to the shear 
stresses and so the retention of the endothelial layer, having a direct effect on the 
performance and functionality of the artifi cial vessel [ 8 ] (Figs.  25.1  and  25.2 ). 

 As a result of these fi ndings, electrospun materials (PU) were investigated in more 
detail, with a range of structures included in the tests. Fundamental mechanisms 
relating the scaffold features to the induced contacting cell behaviour were established 
(based on data and statistical analysis): initial cell adhesion relied on the physical 
amount of material present; increased cell proliferation was affected by scaffold 
material and orientation of physical features; features infl uencing cell spreading and 
coverage included void size, surface roughness and fi bre orientation; cell-cell inter-
actions were infl uenced to different degrees by all scaffold features [ 20 ].  

25.8     Developing the Application of These Methodologies 

 The results of using these methodologies can be extended and applied to further 
research. For example, in order to determine the optimum structure for a specifi c 
vascular application/location, these tests can be used to fi nd the best properties to 
fabricate and those parameters then used and researched in greater detail regarding 
the functionality, biocompatibility and immunological responses provoked (for 
example using ELISAs, Western Blotting, or Real-Time PCR). The ideal aim is to 
use these tests as a way of determining the optimum fabrication parameters to pro-
duce a material that has (structural) properties that enhance endothelialisation. 
Hence, the artifi cial blood vessel can be produced in such a way to mimic the natural 
tissue it is replacing, i.e. replicates the natural basement membrane that produces 
and sustains endothelial layers. 

 Another important area directly connected to this development of artifi cial blood 
vessels is that of haemodynamics. This fi eld is worthy of further attention, with 
signifi cant potential and need for advancement alongside the use of material struc-
tural cues to enhance endothelialisation. In order to achieve this, the haemodynamic 
parameters applied to the cells from the contacting blood fl ow should be known as 
fully as possible [ 5 ,  7 ,  8 ,  16 ,  17 ,  19 ,  42 ]. 

 As mentioned throughout this chapter, endothelialization in engineered/artifi cial 
grafts is a crucial process to maximise the functionality and viability of the vessel 
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  Fig. 25.1    Investigation of two commonly used vascular graft materials and an electrospun scaffold. 
( a ) Images (light microscope and SEM) showing surfaces of PET, ePTFE and electospun PU ( left  
to  right ); ( b ) confocal microscope images showing cell morphology and cytoskeletal involvement 
across the three materials; ( c ) graph showing the cell height profi les; ( d ) graph showing the 
comparative levels of three cell markers (Adapted from [ 8 ])       
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Scaffold Col. I Elastin Fibronectin CD54 CD106 CD51/61 CD49c CD31 CD62E/P vWF

48A - - + + + + - + - +
507A + - + + - + + + + +
22D + + + + - + + - + +
29D - + + + + - + + - +

Scaffold Col. I Elastin Fibronectin CD54 CD106 CD51/61 CD49c CD31 CD62E/P vWF

48A + + + - + + + + - +
507A + + + + + + + + + +
22D + + + + + + + + + +
29D + + + - + + + + + +

a

b

c

  Fig. 25.2    Further investigation of the electrospun materials, using a range of scaffolds with 
varying structures. ( a ) Charts to show positive/negative expression of cell markers at 7 and 28 days 
( top  to  bottom ); ( b ) confocal microscope images showing cell morphology, cell orientation and 
cytoskeletal involvement across two of the electrospun materials ( left - 22D;  right  48A); ( c ) graphs 
showing the cellular behavior ( left - cell coverage;  centre - cell number;  right - cell spreading) 
(Adapted from [ 20 ])       
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and the contained blood fl ow and has signifi cant effects on the success of implantation. 
Endothelial cells lining the artery wall have the ability to act as the fl uid dynamic 
wall-shear biosensor and can minimize the development of plaque. 

 Currently, one of the most important haemodynamic parameters in cardiovascular 
problems is the ‘shear stress’. In fl uid mechanics, shear stress is defi ned as the 
friction between two layers of the fl uid moving at different velocities. In blood 
vessels, the shear stress also arises at the interplay between blood and endothelial 
layer where it induces a shearing deformation of the endothelial cells. Nowadays, 
thanks to the increasing power-to-cost ratio of computers and the advent of methods 
for subject-specifi c modelling of cardiovascular mechanics, it is possible to calculate 
shear stress-related forces using Computational Fluid Dynamics (CFD). 

 In general, CFD is a technique to analyse fl uid fl ow, heat transfer and associated 
phenomena, using computer-based simulation and has recently shown great potential 
for the calculation of various haemodynamic parameters in patient-specifi c models 
including Time-Averaged Wall Shear Stress (TAWSS), Oscillatory Shear Index 
(OSI) and Relative Residence Time (RRT), amongst others. CFD also provides an 
alternative to invasive or non-invasive fl ow measurements of blood fl ow by and/or 
ex vivo experimental fl ow measurement techniques, which can be very expensive 
and time consuming. Further details on the use of CFD in cardiovascular problems 
and haemodynamic parameters can be found in Chap.   27    . 1  

 In artifi cial grafts, the shear stress at the endothelial wall (also known as the Wall 
Shear Stress – WSS), has a fundamental role in the endothelialization process. For 
example, it is known that high shear stress could limit the endothelialization 
process, therefore, the calculation of shear stress within the whole artifi cial blood 
vessel is considered to play an important role in its design and optimization [ 42 ]. 

 Apart from the importance of WSS in the endothelialization process, WSS can 
also help to better explain some of the common graft failures. For instance, in their 
computational simulations, Kouhi et al. [ 43 ] reported a dramatic drop in the magni-
tude of WSS in critical areas of graft anastomosis such as toe, heel, and suture lines 
which could initiate the promotion of intimal hyperplasia and cause early graft 
failure after coronary artery bypass graft. 

 Another graft failure is due to atherosclerosis, in and around the downstream 
anastomosis. Atherosclerotic lesions occur predominantly at sites of low shear, 
whereas regions of the vasculature exposed to a physiologic shear are protected 
[ 44 ]. A developing plaque can modify the local shear stress around the lesion. 
Lumen narrowing would result in an increase in the blood velocity and shear stress 
over the plaque, low shear stress in the upstream region, and disturbed fl ow in the 
form of directionally OSI in the downstream zone of the plaque [ 45 ,  46 ].  

1   Note for the editor : this is a reference to another Chapter submitted as part of this book entitled 
“Vascular Flow Modelling using Computational Fluid Dynamics”, authored by A. Keshmiri and 
K. Andrews. 
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25.9     Conclusions 

 There is a clinical need to enhance endothelialisation of artifi cial blood vessels used 
to repair or replace damaged/diseased blood vessels. The increased understanding 
of successful techniques that can be used to achieve this, regardless of the material, 
fabrication method or design used, would be a signifi cant achievement in the fi elds 
of vascular biology, biomaterials and tissue engineering. This chapter has detailed a 
variety of methodologies that can be used as individual or a panel of tests to deter-
mine the effect of altering the underlying material structures upon the endothelial 
cells. These results provide the means to determine correlative relationships between 
the structural properties and the cell behaviour; these can then be incorporated into 
the fabrication design and progressed to develop improved strategies for artifi cial 
blood vessels with enhanced functionality, creating engineered tissue analogues.     
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