
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Composite scaffold development and 
bioreactor culture for bone tissue

engineering

Niamh Plunkett 
BE

A dissertation submitted to the University of Dublin for the degree
of

Doctor in Philosophy

Trinity College Dublin

Supervisor

Prof. Fergal J. O’Brien

External Examiner

Dr. Sarah Cartmell
Institute of Science and Technology in Medicine 

University of Keele

Internal Examiner

Dr. Daniel Kelly
Department of Mechanical and Manufacturing Engineering 

Trinity College Dublin



DECLARATION

I declare that I am the sole author of this thesis and that the work presented here has 

not previously been submitted as an exercise for a degree or other qualification at any 

university. It consists entirely of my own work, except where references indicate 

otherwise.

The Library of Trinity College Dublin may lend or copy this thesis on request.



Abstract

Bone tissue engineering involves seeding bone cells onto a scaffold, culturing this 

construct so that mineralisation occurs (by using signalling mechanisms such as growth 

factors or bioreactors) and then implanting it into a defect site in the body. This is called 

the tissue engineering triad: combining cells, scaffold and signalling to engineer tissue in 

vitro. In this work, the focus was on two aspects of the triad: scaffold development and 

signalling using a bioreactor. The general aim in this work was to develop a tissue- 

engineered construct with enhanced osteogenic capabilities due to its structural and 

material properties, populated by a homogeneous distribution of stimulated cells.

Using expertise on the fabrication of collagen-glycosaminoglycan (CG) scaffolds in our 

laboratory, a scaffold containing collagen and hydroxyapatite was developed and 

characterised. The scaffold was found to retain the high porosity and permeability of 

collagen-only .scaffolds but to have improved mechanical properties. It was also shown to 

be biocompatible and to have good osteogenic abilities, becoming mineralised after 28 

days in static culture, although cell distribution on the construet was not ideal. Of the 

scaffold range tested, a scaffold containing a HA:collagen ratio of 2:1 has the most 

promising properties for use in bone tissue engineering.

A flow perfusion bioreactor was successfully validated for use in stimulating cells on 

cell-seeded constructs under steady, pulsatile or oscillatory flow. Rest-insertion during 

stimulation upregulated the bone formation markers cyclooxygenase-2, prostaglandin E2 

and osteopontin over 49 hour culture periods. Culture periods of 25 or 49 hours in the 

bioreactor also enhanced cell distribution, providing a more homogeneous construct after 

the culture period. After 169 hours of bioreactor culture, while osteopontin was 

upregulated, collagen-1, alkaline phosphatase and osteocalcin were downregulated. 

Despite this downregulation, the initiation of mineralisation is seen after this longer 

culture period.



In conclusion, a promising scaffold for bone tissue engineering has been fabricated and 

characterised. Using bioreactor culture, an improved cell distribution can be achieved, 

which overcomes a major drawback to static culture [1, 2], While rest-insertion during 

bioreactor culture may have an effect on early stage bone formation markers; with the 

exception of osteopontin, it appears to have limited effect on later stage markers in longer 

term culture.
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1.1 Overview

Bone is a vital part of the skeletal system. It has numerous functions, the most obvious 

being to support the body and protect the internal organs. Bone is comprised of a mineral 

phase, collagen and cells. The combination of these parts provides a complex composite 

material in which nanoparticles of ceramic are held in a framework of collagen fibres. In 

general, bone is reported as a strong, slightly flexible material that is resistant to impact 

loading.

A major advantage of bone is its ability to heal itself. However, fracture healing occurs 

only below a critical defect size. If the gap in the bone is too large, it cannot be bridged 

and the fracture will not heal. This is termed a non-union and a bone graft has to be used 

to encourage healing. Due to the complex properties of bone, the choice of material for 

use as a bone graft is a complicated one.

The aim in using bone grafts is to restore function to the damaged area as quickly and 

completely as possible [3]. They are required in a number of procedures including, for 

example, replacing disea.sed bone, filling bone voids after non-unions or cyst removal, 

reconstructive surgery and in spinal fusion operations. The most commonly used graft in 

bone replacement is the autograft. Autografts are taken from the patients themselves. This 

process is expensive and the size of graft that can be obtained is limited. Morbidity of the 

site the graft is acquired from is another problem and complications can arise due to 

infection and chronic pain [3]. Allografts, which are taken from a donor can also be used, 

although problems arising from cross-infection can occur.

The use of natural bone grafts has proved problematic and therefore attention has turned 

to bone graft substitutes. Research into the use of ceramics, polymers and composites of 

the two as bone graft materials has shown promise but an off-the-shelf product which 

delivers all the requirements of a bone graft has yet to be found. This is predominantly 

due to the avascular and acellular nature of these materials. Without a blood supply and a 

bone cell network, remodelling of such grafts is very slow. For this reason, attention has
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turned to bone tissue engineering.

Tissue engineering can be defined as the application of the principles of biology and 

engineering to the development of functional substitutes for damaged tissue [4], There 

has already been some success in developing trachea, skin, bladder, cartilage, blood 

vessel and heart valve tissues using tissue engineering [5-7]. These tissues have all been 

used in animal models to check their function and some have been used clinically. For 

example, tissue-engineered skin has been used to treat foot ulcers [5]. Difficulties arise, 

however, when attempting to engineer mechanically stronger, stiffer tissues such as bone.

In essence, bone tissue engineering involves seeding bone cells onto a scaffold, culturing 

this construct so that mineralisation occurs (by using signalling mechanisms such as 

growth factors or bioreactors) and then implanting it into a defect site in the body. This is 

called the tissue engineering triad: combining cells, scaffold and signalling to develop 

tissue (Figure 1.1). This is a complex process but with the correct combination of the 

three aspects of the triad has shown promise [8].

Figure 1.1 The tissue engineering triad [9]
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This PhD thesis focuses on two aspects of the tissue engineering triad: scaffold 

development and bioreactor culture. Composite scaffolds have shown promise for use in 

tissue engineering [10-13], and therefore a composite .scaffold fabricated from the major 

constituents of bone, collagen and hydroxyapatite, is developed and characterised in this 

work. Bioreactors have been shown to deliver homogeneous cell distribution and to 

stimulate cells [1, 8, 14-23]. Examination of rest-inserted stimulation has proved 

promising, providing an osteogenic effect in vivo and a stimulatory effect in vitro [17, 

24]. In this work, the focus was on combining a composite scaffold made from 

biocompatible materials, with appropriate mechanical properties and morphology, and a 

flow perfusion bioreactor using a flow profile that delivers a homogeneous distribution of 

stimulated cells in order to develop an improved bone graft substitute.
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Literature review Part A: Bone graft substitutes and 
scaffolds for bone tissue engineering

1.2 Bone

Bone is a vital part of the skeletal system. It has numerous functions, the most obvious 

being to support the body and protect the internal organs. Bone is comprised of a mineral 

phase, collagen and cells. Two thirds of the mass of bone is a mineral which is made up 

of hydroxyapatite (HA, Caio(P04)6(OH)2) crystals, and small amounts of carbon, sodium, 

magnesium and fluoride. Roughly one third of the mass of bone is collagen fibres and 

about 2% of the mass is made up by cells [25]. The mineral phase of bone is a hard, 

brittle material that is strong in compression but cannot withstand large shear or tensile 

loads. In contrast, collagen fibres are strong in tension and flexible in bending but weak 

in compression. The combination of these parts provides a complex composite material in 

which nanoparticles of ceramic are held in a framework of collagen fibres. The properties 

of bone vary depending on numerous factors. The ultimate compressive strength of 

human cancellous bone is reported as ranging from under 5 MPa to over 15 MPa, 

depending on age, density and site of test specimen [26]. In general, bone is reported as a 

strong, slightly flexible material that is resistant to impact loading

Though they make up only a small percentage of the mass of bone, cells are critically 

important to bone. Four types of cell are present in bone: osteocytes, osteoblasts, 

osteoclasts and osteoprogenitor cells (Figure 1.2). The majority of cells in bone are 

osteocytes. These are mature bone cells that occupy lacunae between layers of bone 

matrix. They have long processes (extended arms of cytoplasm) that extend through 

canaliculi (narrow passages) through bone and connect lacunae together. Osteoblasts are 

bone forming cells which produce the proteins and organic components that make up 

osteoid. This is then mineralised to form bone. When osteoblasts become trapped in the 

matrix they lay down, they become osteocytes. Osteoclasts cause the resorption of bone. 

They secrete acids and enzymes that dissolve bone matrix. Osteoprogenitor cells are stem 

cells which can differentiate into osteoblasts.
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cavity
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enzymes to dissolve bone 
matrix

Figure 1.2 Types of bone cell [25]

Osteoclasts are constantly resorbing bone and osteoblasts are constantly laying it down in 

the remodelling process. Therefore, unlike an engineering material such as stainless steel, 

which may eventually fail due to fatigue, minor defects in bone are replaced by new 

material so that they cannot cause a catastrophic failure. If failure does occur due to 

extreme loading or sudden impact, bone can repair itself. In fracture healing, a blood clot 

forms, osteoprogenitor cells divide rapidly and their daughter cells move to the fracture 

zone. A callus forms around the fracture and temporarily stabilises it before being 

replaced and reshaped by osteoblast and osteoclast action. Eventually, the bone is 

remodelled to such an extent that little indication of a fracture is visible.

Fracture healing occurs only below a critical defect size. If the gap in the bone is too 

large, it cannot be bridged and the fracture will not heal. This is termed a non-union and a 

bone graft has to be used to encourage healing. Due to the complex properties of bone, 

the choice of material for use as a bone graft is a complicated one.
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immediately after the fracture, extensive 
bleeding occurs. Over a period of several 
hours, a large blood clot, or fracture 
^ematoma. develops.

Bone
fragments

An internal callus forms as a 
network of spongy bone unites 
the inner edges, and an external 
callus of cartilage and bone 
stabilizes the outer edges.

The cartilage of the external 
callus has been replaced by 
bone, and struts of spongy 
bone now unite the broken 
ends. Fragments of dead bone 
and the areas of bone closest 
to the break have been 
removed and repiaced.

A swelling initially 
marks the location 
of the fracture. Over 
time, this region will 
be remodeled, and 
little evidence of the 
fracture will remain.

Dead
bone

External
callus

Periosteum

Figure 1.3 Fracture repair [25]

1.3 Bone grafts

A bone graft can be defined as any implanted material that, alone or in combination with 

other materials, promotes a bone healing response by providing osteogenic, 

osteoconductive or osteoinductive activity to a local site [27]. Bone grafts are required to 

aid bone defect and non-union healing. The aim in using them is to restore function to the 

damaged area as quickly and completely as possible [3]. They are required in a number of 

procedures including, for example, replacing diseased bone, filling bone voids after non

unions or cyst removal, reconstructive surgery and in spinal fusion operations.

The most commonly used graft in bone replacement is the autograft. Autografts are taken 

from the patients themselves, usually from the iliac crest, although the distal femur, the 

greater trochanter, and the proximal tibia can also be used [3]. This process is expensive 

and the size of graft that can be obtained is limited. Morbidity of the site the graft is
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acquired from is another problem and complications can arise due to infection and 

chronic pain [3].

An alternative to the autograft is the allograft. The term allograft is used for bone grafts 

which are obtained from an organ donor. A drawback to this option is the danger of 

infection. To overcome this danger, demineralised bone matrix has been used. This is a 

type of allograft that is both osteoinductive and osteoconductive but is acellular [28]. 

Xenografts, acquired from animal bone, are another alternative. However, the 

morphology of the bone is different to that of humans and the risk of cross-species 

infection exists. Coral has also been used but its structure is very different to that of bone 

and hence osteointegration of this type of graft has proved difficult [29].

1.4 Bone graft alternatives
1.4.1 Bone graft substitute requirements

The use of natural bone grafts has proved problematic and therefore attention has turned 

to bone graft substitutes. There are a few basic requirements of a bone graft substitute, 

the most important being that it is biocompatible. In simple tenns, this means that the 

presence of the graft will not elicit an unwanted immune response from the patient, i.e. it 

must be non-immunogenic, non-reactive and non-toxic. Failure to meet this prerequisite 

results in the implant being rejected by the body. The degradation by-products of the 

material must also be biocompatible. Biocompatible materials can be bioinert or 

bioactive. As the names suggest, bioinert materials do not induce an immune response 

from the body. An example of this type of material is the ceramic alumina. Bioactive 

materials stimulate a positive or desired response from the body. An example of this is (3- 

tricalcium phosphate (P-TCP), which stimulates osteogenesis.

Another important requirement of a bone graft substitute is mechanical strength. It is 

desirable for the graft to have a strength comparable to that of bone. If increasing the 

strength has detrimental effects on other properties of the graft (such as porosity), 

however, it may be preferable to balance the various requirements of the graft rather than 

concentrating on obtaining a strong construct.
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The graft must be at least osteoconductive if not osteoinductive. Osteoconductive 

materials support the ingrowth of capillaries, tissue and osteoprogenitor cells into the 

graft. Osteoinductive materials support the induction of mitosis of mesenchymal cells to 

form osteoprogenitor cells that can form new bone [30]. Osteoconductive materials 

introduced into a non-osseous area would not produce bone but osteoinductive materials 

would. Resorbability of the graft is another important issue. A resorbable material is 

gradually replaced by bone. Osteoclasts remove it and osteoblasts deposit bone in its 

place. For example, HA is moderately bioactive and resorbs. While dense HA 

demonstrates very low rates of biodegradation, porous HA implants have exhibited a 

significant degree of resorption [30].

A morphology that allows movement of cells and supports vascularisation is also needed 

in a bone graft substitute. A high porosity and controllable pore size can provide this. 

Cells must be able to penetrate into the core of the graft so that they are homogeneously 

distributed throughout the graft. There must be space to allow for transport of nutrients to 

and waste removal from cells, so the pores must be interconnected [31]. A high surface 

area is thought to improve bone growth by increasing protein adsorption in non- 

biological materials [32]. Without the presence of bone cells (osteocla.sts, osteoblasts and 

osteocytes) in the graft, remodelling of the bone cannot occur throughout the graft. It may 

occur by creeping substitution at the interface between the graft and the bone, as bone 

cells have access to this area. However, this process is slow and remodelling of the entire 

graft is preferable.

The ability to size the graft to the correct dimensions during surgery is a clinical 

requirement. This could involve developing a malleable graft, a granular graft or a range 

of sizes of graft to suit most purposes [33-35].
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1.4.2 Bone tissue engineering

Tissue engineering can be defined as the application of the principles of biology and 

engineering to the development of functional substitutes for damaged tissue [4], While 

there has already been some success in developing soft tissues [5-7], difficulties arise, 

when attempting to engineer mechanically stronger, stiffer tissues such as bone.

In essence, bone tissue engineering involves seeding bone cells onto a scaffold, culturing 

this construct so that mineralisation occurs (by using signalling mechanisms such as 

growth factors or bioreactors) and then implanting it into a defect site in the body. This is 

called the tissue engineering triad: combining cells, scaffold and signalling to develop 

tissue (Figure 1.1). Many of tbe requirements of an off-the-shelf bone graft substitute are 

also needed in a scaffold material. The scaffold must provide a strong framework and yet 

have an open-pored structure that allows nutrients to penetrate into the scaffold in vitro 

and then vascularisation to occur in vivo. A pore volume fraction (porosity) of over 90% 

is desirable in order for cells to be viable in the construct [36, 37]. The permeability of 

the scaffold is another important parameter. Permeability depends on a number of factors, 

including porosity, pore size/distribution, pore interconnectivity, fenestration (pore 

interconnection) size/distribution, and pore orientation [36]. It is the permeability that 

governs how easy it is for nutrient delivery to and waste removal from the centre of the 

construct to occur. This then governs whether the scaffold is a suitable environment for 

cells to live in and grow. The stiffness of a scaffold for tissue engineering can be very 

important, especially when working with stem cells. It has been found that the stiffness 

directly affects what path a stem cell will differentiate down. In the case of osteoblasts, a 

construct stiffness of over 25 kPa has been shown to direct cells to differentiate into 

osteoblasts [38]. Two different strategies are used in choosing the mechanical properties 

of scaffolds for bone tissue engineering. One involves using a scaffold that can support 

load bearing upon implantation, while the second involves using a scaffold that facilitates
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the production of mineralised extracellular matrix which will support load bearing upon 

implantation [39].

1.5 Scaffold biomaterials

In the past, a lot of attention has been paid to developing biomaterials for use as bone 

grafts. A biomaterial can be defined as a material intended to interface with biological 

systems to evaluate, treat, augment or replace any tissue, organ or function of the body 

(Consensus Conference of the European Society for Biomaterials, 1986). Research into 

the use of ceramics, polymers and composites of the two as bone graft materials has 

shown promise but an off-the-shelf product which delivers all the requirements of a bone 

graft has yet to be found. This is predominantly due to the avascular and acellular nature 

of these materials. Without a blood supply and a bone cell network, remodelling of such 

grafts is very slow. Despite numerous attempts, a synthetic bone substitute has yet to be 

produced that incorporates all the properties required of a bone graft. For this reason, 

attention has turned to bone tissue engineering. Due to bone comprising ceramic and 

polymer parts, the interest in these materials for use in vivo is logical. Ceramics and 

polymers each have different characteristics that make them attractive as scaffold 

materials.

1.5.1 Ceramics

Ceramics are inorganic compounds with predominantly ionic or covalent bonding. 

Characteristics of ceramics include hardness, high compressive strength and high melting 

points. Ceramics also exhibit low electrical conductivity, are chemically inert and 

thermodynamically stable. Drawbacks of ceramics are that they are brittle, have poor 

tensile properties and are difficult to fabricate. For example, the ultimate compressive 

strength of the ceramic alumina (AI2O3) is 2900 MPa but its yield strength is 240 MPa.
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The properties that make ceramics attractive for use as biomaterials (particularly in hard 

tissue applications) are their chemical inertness and their high compressive strength. 

Ceramics such as alumina, beta tricalcium phosphate (p-TCP, Ca^iPO^)^), zirconia and

hydroxyapatite (HA) have already been used in the human body. Indeed, HA is present in 

the body as the mineral phase in bone. Due to their inertness and good wear properties, 

alumina and zirconia have been used to replace the femoral head in hip replacements 

[40]. Coatings of HA have been applied to hip replacements in an attempt to improve the 

bonding of cementless implants to bone [41]. Attempts have also been made to make 

bone graft substitutes out of ceramics such as alumina, calcium aluminate (CaO. AI2O3), 

bioactive glass and p-TCP but most of these attempts have focussed on using HA [42- 

45]. P-TCP is resorbable, biodegradable and can be replaced by bone tissue. The sintering 

temperature used affects the degree of resorbability of the compound, but in an in vivo 

study using rabbits, it was found that P-TCP granules were resorbed and replaced with 

trabecular bone after 16 weeks [46]. P-TCP can be used in conjunction with HA to 

control the degradation rate of bone graft substitutes in the body as it is resorbed much 

more quickly than HA [47]

1.5.2 Hydroxyapatite

HA (Caio(P04)6(OH)2) has a Ca:P molar ratio of 1.67 in its pure form. In the body, it 

occurs as non-stoichiometric apatites. For example, in enamel and dentin, the ratio is 

1.62-1.64 while in bone it can be up to 1.71, depending on the bone tested [48]. It occurs 

as nanoparticles of 50nm x 5nm x 5nm [49]. The compressive strength of sintered HA is 

509 MPa [50] but in the body, resorbable HA is present in its unsintered form. HA 

monoliths formed at 38°C in a dissolution-precipitation reaction had a Young’s modulus 

of 6 GPa and a compressive strength of 174 MPa [51].
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Figure 1.4 Chemical structure of HA [52]

Denissen and de Groot implanted dense HA (with a porosity of 0.1-3%) into rat tibiae 

[53]. They concluded that HA was biocompatible and that bone bonded strongly to the 
implant. However, after six months, no degradation of the implant occurred. Due to the 

non-porous nature of the implant, cells could not infiltrate it and no remodelling could 

occur. In ceramic implants with limited porosity and a pore size of 2-6 pm, little invasion 

of bone into the graft occurred except where the implant had cracked [44]. Therefore, 

while dense implants provide structural stability to the bone, only surface bonding to the 

bone can occur and the implant cannot be remodelled into bone. The body will not repair 

the graft and the fatigue properties of the graft become important.

To overcome this drawback, ceramic grafts have been made with much higher porosities. 

HA cubes with a porosity of 70% were used to fill gaps left after bone cyst removal in 

humans. The cubes were packed into the cavity and after four to twelve weeks, new bone 

was observed around and on the cubes. Consolidation occurred after an average of over 

two months. Remodelling of the blocks occurred slowly and after two years, while the 

outline of the cubes had blurred, the implantation site was still obvious in x-rays (Figure 

1.5) [54]. In an in vivo study in mice using sintered ceramic scaffolds made of HA and P-
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TCP in the ratio 60:40, it was found that despite the porosity of the construct being 90%, 

cells were poorly distributed and had formed a poorly organised extracellular matrix 

(ECM) [55]. However, when the scaffolds were seeded with cells, after 12 weeks, 

vascularisation had occurred and a small amount of mineralisation was also noted [55].
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Figure 1.5 X-rays of bone cyst in human humerus with cubes of HA implanted [54]

Attempts have been made to develop grafts with similar morphology to trabecular bone. 

In one study, bovine bone was replicated using HA and p-TCP via a lost wax process 

[47]. As the porosity increased, the compressive strength of the graft decreased 

exponentially and the p-TCP replicas were considerably weaker than anorganic bone 

[56]. In order to make the graft, the micropores in the trabeculae had to be sealed. Thus, 

the resulting graft, while very similar to trabecular bovine bone at a macrostructural level, 

did not exhibit the microporosity of bone [47]. This may decrease the protein adsorption 

capabilities of the graft [32]. Decreasing the porosity in order to increase mechanical 

strength has implications for the ability of cells to penetrate and remain viable in the 

scaffold. Since osteointegration of the scaffold depends on cellular adhesion and 

responses to the construct, decreasing the porosity may decrease the osteoconductive 

abilities of the scaffold [57].
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HA has been proved to be biocompatible, but its resorbability has been called into 

question. Differing opinions arise because the resorbability of HA depends on a number 

of different parameters. In bone, HA is present as nano-sized particles of low 

crystallinity. It has been reported that particles below a diameter of about 2 pm resorb 

while those above this threshold do not [27]. However, implants made with HA of 

particle size of 0.25-1 mm have also been reported as resorbable, although using this 

graft, some particles of HA were unresorbed after 6 years [34]. In addition, the more 

crystalline the ceramic is, the less likely it is to resorb [12]. Ceramics are generally 

fabricated using a powder metallurgy process. This involves pressing ceramic powder of 

the required particle size in a die. This greenbody is then sintered. Sintering is a 

densification process which involves heating the greenbody in a furnace to below the 

melting point of the ceramic. The particles of powder neck and fuse together eliminating 

porosity. Without sintering, ceramics in their greenbody state are weak and can be broken 

easily. Sintering increases the crystallinity of HA and hence, decreases its resorbability 

[12]. It is thought that HA is maximally osteoconductive when sintered at a temperature 

of 900°C with a porosity of 70% [58]. This is a relatively low sintering temperature.

In summary, HA exhibits promising characteristics for use as a bone graft substitute. 

[54]. It is osteoconductive [59], and importantly, both in combination with |3-TCP, and 

on its own, has been found to be osteoinductive [60-62]. However, it is brittle when 

highly porous and its resorbability decreases as particle size and crystallinity increase.

1.5.3 Polymers

Polymers are another group of materials that have been used in the attempt to make bone 

graft substitutes. They consist of polymeric chains made from small monomers. The 

length of the chain is important in influencing the stiffness and rigidity of the polymer. 

The range of material properties and uses of polymers is vast. In medical applications.
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polymers have been used as catheters, prostheses, disposable instruments, artificial 

organs, blood vessels and graft materials.

1.5.4 Synthetic polymers

The first wholly synthetic polymer to be developed was phenolic (commonly known as 

Bakelite) in 1909. Since then, a wide range of synthetic polymers have been created and a 

number of these have been used in the human body, with varying degrees of success. 

Polyethylene (PE) has a low coefficient of friction and it was thought to be an ideal 

material for use in joint replacement. However, when it was used to replace the 

acetabular socket in the hip joint, its wear characteristics led to major problems. Wear 

debris induced an inflammatory response, was encapsulated by soft fibrous tissue around 

the implant and loosening of the implant ensued [63]. A similar response occurs when 

poly(methylmethacrylate) (PMMA) is u.sed as cement to make titanium implants adhere 

to bone. High levels of apoptosis (cell death) occur due to the presence of this polymer, 

especially directly after polymerisation [64]. The.se examples illustrate that the 

characteristics of synthetic polymers must be studied in detail before their introduction 

into the body.

Some synthetic polymers have shown promise for use as scaffold materials for bone 

tissue engineering. Polycapralactone (PCL) has been fabricated into a porous graft of 

compressive strength 2.77 ±0.26 MPa and of pore diameter 200 pm. This strength lies 

within the range reported for trabecular bone. However, cell attachment to scaffolds made 

from this material is minimal and a coating of reconstituted extracellular matrix (ECM) 

and collagen type 1 is needed for substantial attachment to take place. This is a major 

drawback of such polymers [65].

Poly(alpha-hydroxy ester) foams such as poly( DL-lactic-co-glycolic-acid) (PLGA) have 

also been used. When seeded with stromal osteoblasts, the cells adhered, proliferated and 

deposited mineral on the scaffolds [66]. They have also been used to stabilize
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haematomata in critical size defects in rat calvaria and thus induce bone regeneration, 

although only small amounts of mineralised tissue were observed [67], Poly(glycolic 

acid) scaffolds have been used to engineer cartilage in vitro. The highest aggregate 

modulus for such constructions was 179±9 kPa, which is 40% that of natural cartilage 

[68],

The drawback of many synthetic polymer bone graft substitutes, such as PLGA, poly(L- 

lactic acid) (PLLA) and poly(d,l-lactide) (PDLLA) is that their degradation products are 

acidic and cause an inflammatory response [10, 69, 70], Crosslinking can decrease the 

degradation rate of polymers. Crosslinking is the formation of covalent bonds between 

adjacent polymer chains. Despite decreasing the degradation rate, mechanical motion 

between the bone and the scaffold will cause some degradation and lead to an 

inflammatory response at the interface between the two. This is precisely the area where 

good biocompatibility is needed so that a strong bond is formed between the graft and the 
bone.

1.5.5 Natural polymers

Recently, attention has turned to the use of certain natural polymers for use in biomaterial 

development and tissue engineering. Examples of such polymers include gelatine, 

alginate, fibrin and chitosan. In particular, research into the natural polymer collagen has 

proved promising.

1.5.6 Collagen

Collagen is hydrophilic (has a strong affinity for water), biocompatible and 

biodegradable. It is one of the major constituents of bone and hence, its use as a bone 

graft substitute has been of interest to researchers. It consists of fibrils made of 

polypeptide chains with carboxyl groups that interconnect by covalent and hydrogen 

bonding [71]. Its degradation rate can be controlled by varying the degree of crosslinking

41



present in and between collagen molecules [721. Crosslinking is the fonnation of covalent 

bonds between polymer chains. In the collagen molecule, crosslinks are formed between 

the three helices that make up the molecule (intra-molecular bonds) and also between 

individual molecules (inter-molecular bonds). There are both physical and chemical 

crosslinking methods. For example, dehydrothermal (DHT) crosslinking is a physical 

method which involves heating the collagen in a vacuum. EDAC crosslinking is a 

chemical method which involves immersing the collagen in a solution of l-ethyl-3-(3- 

dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide.

Recent research has focussed on the use of collagen as a scaffold for tissue engineering. 

Cells have been shown to attach, proliferate and form matrix on porous collagen 

scaffolds, confinning that collagen is a promising scaffold material [73, 74]. In an in vivo 

study using mice, scaffolds made of collagen showed a much better cellular response than 

porous ceramic scaffolds or fibrous titanium scaffolds, with a well organised ECM and 

capillary ingrowth by 12 weeks [55]. Similarly, when ceramic materials were coated in 

collagen, cell proliferation increased over non-coated controls [75].

Demineralised bone matrix is predominantly made of collagen, although non-collagenous 

proteins such as bone morphogenic proteins and other extracellular matrix proteins are 

important constituents of the matrix [28, 76]. It is made by using acid to remove the 

mineral from donated bone. The resulting material is a powder which must be added to a 

carrier material for use as a bone graft. Although it is a type of allograft, demineralised 

bone matrix is less likely to elicit an immune response from the patient, due to the 

demineralising process [28]. It has also been used in combination with PEG A as a 

scaffold for tissue engineering, and has shown better attachment of bone marrow stromal 

cells than scaffolds of PLGA alone [28].

Collagen-glycosaminoglycan (CG) scaffolds have been used successfully in skin grafting 

[77]. Currently, in our laboratory, attention has turned to using this type of scaffold for 

bone tissue engineering. The scaffold has already been shown to support both 

chondrogenesis and osteogenesis [78]. Apart from its biocompatibility and 

biodegradability, an advantage of the scaffold is the ability to fabricate it with extremely
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high porosity (99.5%) [79J. This high degree of porosity is important to allow cell 

movement through the scaffold and support vascularisation. A lyophilisation process is 

used to fabricate the scaffold [31], In this process, a slurry of collagen is frozen at a 

constant rate and subsequently, the ice crystals that form are sublimated. This gives a 

controllable, interconnected, homogeneous pore structure. The pore size affects the 

attachment of cells to the scaffold so control of this factor is vital in bone tissue 

engineering [79]. The only disadvantage of using highly porous CG scaffolds is the 

relatively poor mechanical properties these constructs exhibit. The Young’s modulus (E) 

of cancellous bone ranges widely, depending on what bone specimen is analysed. It is 

reported as being between 60-600 MPa [80] while the equivalent parameter for the CG 

scaffold DHT crosslinked at 105°C is 0.5 kPa±0.031 [81]. However, it is not necessary 

for the scaffold parameters to match those of bone as mineralisation of the cell-seeded 

scaffold should strengthen the scaffold [39]. The resulting engineered tissue needs 

sufficient mechanical properties to allow load-bearing after implantation. Improving the 

mechanical properties of the CG scaffold prior to cell-seeding is an important goal and is 

on-going in our laboratory.

1.5.7 Composites of polymer and ceramic

Despite the use of various materials, both ceramic and polymeric, to develop bone graft 

substitutes, no single approach has proved entirely successful. There are drawbacks with 

both types of material. However, they both also have different benefits. If the benefits of 

both could be delivered and the drawbacks overcome, a huge step forward in the quest for 

a bone graft substitute could be made. This is the purpose behind using composite 

materials.

Composite materials are heterogeneous materials made up of two or more phases. The 

objectives in combining their constituent parts are to optimise the performance of the 

material and to achieve a good balance of material properties. Composites are generally 

composed of a matrix material and a reinforcing material. The reinforcing material is
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stiffer and stronger than the surrounding matrix. It can be of a fibrous or particulate 

nature.

Bone itself is a composite material made of a ceramic phase and a polymer phase. The 

use of composite scaffolds has become more widespread in bone tissue engineering as it 

is thought that by combining a strong material and a flexible one, the advantages of both 

materials can be combined. Many combinations of ceramic and polymer have been tried 

in order to develop the ideal scaffold for bone tissue engineering. Scaffolds made of both 

synthetic and natural polymers combined with biocompatible ceramics have been 

fabricated. Rather than using fibrous reinforcement, the ceramic component is usually 

particulate in nature. Particle size has ranged from nano-sized up to particles of the order 

of millimetres [10-12, 71, 82-84J.

Composite foams of PLLA and HA, and PLGA and HA have shown a significant 

improvement in mechanical properties over pure polymer foams [83]. PDLLA and PLGA 

combined with bioactive glass particles had a compressive modulus of over 20 MPa [84]. 

Nano-HA and collagen composite powder was formed and added to a collagen-chitosan 

composite matrix. In this case, it was found that as the amount of powder was increased, 

the tensile strength and Young’s modulus of the resulting scaffold decreased. It was 

hypothesised that crosslinking between the collagen and chitosan was impeded by the 

presence of the powder [70]. The addition of ceramic particles can increase the strength 

of the resulting scaffold so that it approximates that of bone better. However the method 

in which the ceramic is added to the polymer is important as bonding between the two 

phases is vital for scaffold strengthening.

As the amount of reinforcing particles in composites increases, the pore structure 

changes. The pore structure became more irregular and the particles less well distributed 

throughout the matrix as the percentage of particles was increased in bioglass-PDLLA 

scaffolds [84]. HA and gelatin scaffolds also developed anisotropic pores as the 

percentage of HA in the scaffolds was increased, however, the particles remained 

homogeneously distributed in solution and were not affected by gravity due to the highly 

viscous nature of the gelatin [11]. The presence of the particles changes the physical
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characteristics of composite scaffolds which can, therefore, be very different from the 

original matrix material they are developed from.

Adding ceramic to polymer scaffolds has improved cell responses to the scaffolds. 

Composites of carbonated HA, collagen and PLGA in a three-layered membrane showed 

a more positive response to osteoblast culture than scaffolds of PLGA alone [10]. 

Alkaline phosphatase activity increased in a gelatin-HA scaffold over control gelatin 

scaffolds, indicating that it enhanced osteoblastic activity [11]. The presence of nano-HA 

particles improved the protein adsorption of PLLA scaffolds. It is thought that cell 

adhesion to biomaterials is modulated by the material’s protein adsorption properties. 

This being the ca.se, the addition of HA to synthetic polymer scaffolds should increase 

their biocompatibility [82]. Sintered, pulverised bovine bone mixed with collagen formed 

a composite .scaffold with highly crystalline HA particles of mean size 275.42+88.51pm. 

Osteoblasts proliferated on the scaffold and attached to both the HA particles and the 

collagen paiticles [12]. Mineralised collagen has different physical and mechanical 

properties to pure collagen and is considered to have even better biocompatibility than 

pure collagen. It enhances hard tissue growth and its resorption can be controlled by 

changing the mineral content [10]. Human bone marrow stromal cells seeded onto porous 

mineralised collagen proliferated over a four week period and displayed osteogenic 

differentiation [13].

In scaffolds consisting of P-TCP and collagen, the particles of ceramic were bonded 

tightly to the fibrils of polymer. It is hypothesised that Ca“^ ions from p-TCP react with 

the carboxyl group in collagen to form this tight bond. The two phases were mixed in 

acidic solution so re-precipitation of p-TCP dissolved by the acid may also play a part in 

this bonding [71]. Due to this tight bond, the reinforcing properties of the ceramic should 

be imparted to the polymer.

Composites of PLLA, collagen and HA formed using electrospinning have displayed 

higher alkaline phosphatase activity than composites of PLLA and HA [85]. 

Chitosan/collagen/HA composites fabricated via lyophilisation showed a higher rupture 

strength than collagen/HA scaffolds and a greater cell adhesion and proliferation [86].
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Electrospun collagen/HA scaffolds have displayed significant increases in mineralisation 

compared to collagen-only scaffolds, despite the high crystallinity of the HA present in 

the scaffold [87]. Composites of collagen and HA have also been formed by fabricating 

collagen sheets, precipitating HA onto them, dispersing this composite in a collagen 

dispersion, freezing and critical point drying [88], This complicated process has resulted 

in scaffolds of Young’s modulus up to 209 kPa but with HA particle sizes of 40 pm [89]. 

These scaffolds have been shown to support osteogenesis both in vitro and in vivo [90]. 

Collagen/HA scaffolds have also been made in which the HA particle size was in the 

nanometre range [91]. However, the resulting scaffolds have had low porosities of 45% 

and small pore size of 50-80 pm [91].

Composite scaffolds have promising properties for use in bone tissue engineering. By 

using a ceramic in conjunction with a polymer, the benefits of both materials can be 

employed. However, there are still a number of issues that need to be addressed in order 

to develop a better scaffold. As has been mentioned, the crystallinity of the ceramic u.sed 

plays a role in whether the scaffold will be resorbed or not. The ceramic particle size also 

has an effect on resorbability. The porosity must be kept at a very high level while 

improving the strength of the scaffold. The degradation rate can be controlled by 

crosslinking, by changing the crystallinity of the ceramic and by changing the particle 

size.

1.6 Commercially available bone graft substitutes

There are many commercially available bone graft substitutes. Different claims are made 

about each one but generally, they are osteoconductive, offer minimal structural integrity 

and have little ability to facilitate osteoinduction [92]. Despite their apparent advantages, 

a replacement for the autograft has yet to be developed. An overview of some of these 

bone graft substitutes follows.

46



Allomatrix® Injectable Putty (Wright Medical Technology, USA) is made of 

86% (by volume) demineralised bone matrix and 14% surgical grade calcium 

sulphate powder. In clinical trials, when used as a long bone void filler, it is 

reported to have had similar success rates to those reported for autografts [33]. 

However, its osteoinduction properties are limited [92].

Bio-Oss® (Osteohealth, USA) is made of HA, is similar in physical composition 

to human bone and is an osteoconductive matrix (Figure 1.7) [32, 93]. In sinus 

floor elevation trials, the use of Bio-Oss® was compared to the use of autografts. 

It was concluded that in patients treated with autogeneous bone alone, more bone 

growth was apparent than in patients treated with Bio-Oss®, although it was 

noted that the defects filled by autogeneous bone were smaller than those filled 

with Bio-Oss® [94]. The porosity of Bio-Oss® is 70-75% and it is made of HA 

with a particle size ranging from 0.25 mm to 1 mm. It is slow to resorb and some 

particles of it have been shown to remain unresorbed for up to six years [34].

Figure 1.6 Bio-Oss® structure [93]

C-graff*'^ (Algoss Biotechnologies GMBH, Austria) (which is chemically 

equivalent to Algipore® (Dentsply Friadent, Germany)) is an inorganic, 

biocompatible HA material derived from red sea algae. It has a granule size range 

of 300-1000 microns. In comparisons with Bio-Oss®, cell growth was improved 

on C-graft™ [95].

OsteoSet® (Wright Medical Technology, USA) is a bone graft substitute made 

from calcium sulphate. As is the case for HA, by changing the shape and size of
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the crystals, the resorption rate of the material can be controlled. It is reported to 

be biocompatible and osteoconductive [96], In a study done of 58 cases of benign 

bone lesions where the graft was used, a 13.8%-19.0% incidence of adverse 

reaction to OsteoSet® was reported. A sterile inflammatory reaction was observed 

in these cases [97].

ProOsteon^^'^ (Biomet Inc, USA) is made from marine coral exoskeletons which 

are then converted to HA. It demonstrates an interconnected pore structure and is 

biocompatible. It can be obtained in block or granular form with pore sizes of 200 

or 500 pm [35].

Collapat® (Biomet Inc, USA) is a collagen matrix in which hydroxyapatite 

granules are dispersed. It is osteoconductive, biodegradable and resorbable. It is a 

fleece-like material and when wet it forms a paste [98]. In an animal study using 

rabbits, the matrix was found to generate five times more bone than controls with 

no implant in a 6 mm defect [99].

Biostite® (Biostite Inc, USA) is made of HA, collagen and chondroitin sulphate. 

Its porosity is 60% and its inter-granular micropores are 200-300pm in diameter. 

Animal trials have proved that it is re.sorbable [34]. In in vitro comparisons 

between Biostite®, HA and collagen sponges, matrix synthesis occurred earlier 

and to a greater extent on Biostite [73].

Healos® (DePuy Orthopaedics Inc, USA) is an osteoconductive matrix made of 

crosslinked collagen fibres coated with HA. It supports cell attachment, 

proliferation and differentiation. It takes the form of sponge-like strips [100, 101]. 

CopiOS™ (Zimmer Spine, USA) bond void filler is made of calcium phosphate 

dibasic and collagen. Its porosity is over 93% and it is a moderately acidic 

material which contains a lot of soluble calcium [102]. It is resorbable and it is 

intended for use in filling bone voids that are not intrinsic to the stability of the 

bone structure [103].

While these grafts each have advantages and disadvantages, none of them exhibit the 

characteristics of an ideal bone graft substitute. In general, they do not have high enough
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porosities for proper transport of cells and metabolites. Those that do have high porosities 

do not have the mechanical strength required. Through the use of bone tissue 

engineering, an improvement on commercially available grafts might be possible.

1.7 Fabrication methods

Scaffold fabrication methods depend on the material the scaffold is manufactured from. 

For ceramic constructs, a sintering process is usually used. The ceramic is obtained in 

powder form, and blended with a dispersant and a binder. The resulting blend is sieved to 

obtain the required particle size. The powder is pressed into shape in a die and then fired 

in a furnace at the required rate and temperature. This removes the binder and sinters the 

ceramic. To make porous sintered ceramic objects, particles of material that will 

vapourise during firing can be mixed in with the ceramic powder. Alternatively, 

hydrogen peroxide can be added, which makes the powder effervesce. This foam can 

then be sintered.

Scaffolds can be fabricated from polymers in a number of different ways. Rapid 

prototyping (RP) techniques can be used to form scaffolds from CAD (Computer-aided 

design) models. Two RP techniques that have already been used are 3-D printing (3-DP) 

and fused deposition modeling (FDM). 3-DP involves printing a binder onto a bed of 

polymer powder, creating the first layer of the scaffold. The bed is moved down, powder 

spread over its surface and the second layer is fabricated on top of the first. This process 

continues until the entire scaffold has been made. To date, 3-DP has had to be used in 

conjunction with particle leaching so that toxic solvents are removed. 3-DP scaffolds 

generated to date have not been made with the precision and accuracy required for a 

scaffold [39]. FDM fabricates scaffolds based on CAD models. The model is split up into 

numerous horizontal layers and an extrusion head follows the path of these layers and 

extrudes semi-liquid polymer onto a platform. The platform is lowered as each layer is 

made until the scaffold is completed. FDM has been used predominantly with non- 

resorbable polymers although research is ongoing into its use with scaffold materials 

[39]. Injection moulding can be used for both polymer and composite scaffolds if a die 

can be made that will result in a porous scaffold. 3-DP and FDM can be used to develop
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these highly specialised dies [65], However, this method limits the smallest pore size 

obtainable.

Electrospinning can also be used to fabricate scaffolds. In this process, a slurry is pumped 

through a syringe in an electric field. On exit from the syringe, the viscous liquid is 

stretched into an electrified jet which is then deposited on a grounded collector as a fine 

fibre. Fibres in the nanometer scale can be formed using this process and it can be used 

with a range of polymers and composites [104]. Scaffolds of high porosity with a wide 

pore diameter distribution are formed using electrospinning.

A highly effective way of producing porous polymer scaffolds is via lyophilisation 

(freeze-drying). During the lyophilisation process, the solvent in which the polymer is 

dispersed is frozen and then sublimated. Similar transformations that occur in metal 

alloys upon solidification occur when a slurry of polymer is frozen. Crystals of the 

solvent nucleate and begin to grow. As more solvent .solidifies, the liquid becomes richer 

in solute (polymer). As solidification completes, the solute has been pushed to the grain 

boundaries. This is analogous to coring in alloy .solidification. [105]. During the drying 

phase, the crystals of solvent vapourise and leave behind a porous scaffold of polymer 

[31]. This process can be controlled by altering the freezing rate, undercooling 

temperature, percentage of solute present, solvent or polymer used [31, 83]. Annealing 

can also be used in order to give the appropriate grain (and therefore pore) structure [105, 

106]. Lyophilisation has also be used to produce composite scaffolds [83]. The 

solidification process is altered in this case and further variables, such as the amount of 

reinforcing material and the size of reinforcing particle, affect the resulting structure of 

the scaffold [105]. In gelatin-HA composites, the large number of particles in the 

polymer solution can change the crystallization front as the solution freeze-dries, leading 

to irregular and impeded crystal growth and, therefore, irregular pores [11].
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Literature review Part B: Bioreactors and cell signalling

1.8 Bioreactors

Bone defects requiring surgical correction are typically many millimetres in size [1]. 

Hence, bone graft substitutes need to be of this order of size in order to be useful. 

Scaffolds in such a size range are easily fabricated. However, a problem arises when 

culturing cells on these scaffolds. Static culture conditions result in scaffolds with few 

cells in the centre of the construct [16]. This heterogeneous cell distribution is a major 

obstacle to developing any three-dimensional tissue or organ in vitro.

Despite homogeneous cell seeding, after long periods in culture, it has been found that 

there are more cells on the periphery of demineralised trabecular bone constructs [16]. 

This is thought to be due to cell necrosis and cell chemotaxis. Necrosis occurs at the 

centre of the scaffold due to a lack of nutrient delivery to and waste removal from that 

area. The only mechanism by which nutrients and waste can move when a scaffold is in 

static culture is by diffusion. As the size of the scaffold increases, diffusion to the centre 

of the construct becomes more difficult. In addition, as cells on the periphery grow and 

proliferate, movement of fluid to the interior of the scaffold is further impeded. 

Chemotaxis of the cells from the interior towards the periphery occurs because of the 

concentration gradient in nutrients that has been set up [1]. Nutrient concentration is 

greater at the periphery so cells move along this gradient towards the periphery in order 

to obtain the nutrients they require.

Figure 1.7 shows the mineralisation that occured after rat calvarial osteoblasts (bone cells 

obtained from rat skullcaps) were cultured for 8 weeks on a demineralised trabecular 

bone scaffold in static culture. While the periphery of the scaffold has been mineralised, 

the centre has not [16].
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Figure 1.7 Microcomputed tomography image of mineralisation after 8 weeks static 
culture of demineralised bone construct [16]

In order to increase cell viability throughout the scaffold, fluid transport needs to be 

enhanced. A bioreactor can be used to achieve this aim. Bioreactors can be defined as 

devices that use mechanical means to influence biological processes [107]. There are 

numerous types of bioreactor which can be classified by the means they use to stimulate 

cells. Bioreactors often use dynamic compression, strain or hydrostatic pressure, to name 

just three stimulation methods. Here, the focus is on stimulation due to fluid flow. 

Bioreactors can induce fluid flow throughout scaffolds and thus enable nutrients to be 

delivered to the cells at the centre of the .scaffold and waste to be removed from that area. 

This increases cell viability throughout scaffolds and thus delivers a more homogeneous 

scaffold. There are three main types of bioreactor that use fluid flow as a stimulus: 

spinner flasks, rotating wall vessels and flow perfusion bioreactors.

1.8.1 Spinner flask bioreactor

In a spinner flask (Figure 1.8), scaffolds are suspended at the end of needles in a flask of 

culture medium (cell food). A magnetic stirrer mixes the medium and the scaffolds are 

fixed in place with respect to the moving medium. Flow across the surface of the 

scaffolds results in eddies in the scaffolds' superficial pores. Eddies are turbulent

52



instabilities consisting of clumps of fluid particles that have a rotational structure 

superimposed on the mean linear motion of the fluid particles. They are associated with 

transitional and turbulent flow. It is via these eddies that fluid transport to the centre of 

the scaffold is thought to be enhanced [1].

Incubator
Three-neck flask

Figure 1.8 Example of a spinner flask bioreactor [108]

1.8.2 Rotating wall bioreactor

In a rotating wall bioreactor (Figure 1.9), scaffolds are free to move in medium in a 

vessel. The wall of the vessel rotates, providing an upward hydrodynamic drag force that 

balances with the downward gravitational force, resulting in the scaffold remaining 

suspended in the medium. Fluid transport is enhanced in a similar fashion to the 

mechanism in spinner flasks.
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Figure 1.9 Example of a rotating wall vessel [109]

1.8.3 Flow perfusion bioreactor

Flow perfusion bioreactors generally consist of a pump and a scaffold chamber joined 

together by tubing. A medium reservoir may also be present. The scaffold is clamped in 

position across the flow path of the device (see Figure 1.10). Medium is perfused through 

the scaffold, thus enhancing fluid transport (and giving the bioreactor its name).

seeded foam
media in

O-rings

media out
cup

Figure 1.10 Example of a flow perfusion bioreactor [1]

Culture using flow perfusion bioreactors has been shown to provide more homogeneous 

cell distribution throughout scaffolds. Collagen sponges have been seeded with bone 

marrow stromal cells and perfused with flow. This has resulted in greater cellularity 

throughout the scaffold in comparison to static controls, implying that better nutrient 

exchange occurs due to flow [14]. Using a biphasic calcium-phosphate (CaP) scaffold.
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abundant ECM with nodules of CaP was noted after 19 days in steady flow culture [8].

In comparisons between flow perfusion, spinner flask and rotating wall bioreactors, flow 

perfusion bioreactors have proved to be the best at fluid transport. Using the same flow 

rate and the same scaffold type, while cell densities remained the same using all three 

bioreactors, the distribution of the cells changed dramatically depending on which 

bioreactor was used. Histological analysis showed that spinner flask and static culture 

resulted in the majority of viable cells being on the periphery of the scaffold. In contrast, 

the rotating wall vessel and flow perfusion bioreactor culture resulted in uniform cell 

distribution throughout the .scaffolds [1, 15]. After 14 days in culture, the perfusion 

bioreactor had higher cell density than all other culture methods [1]. Flow perfusion 

bioreactors are thus a good choice of bioreactor to provide homogeneous cell distribution 

and are therefore the choice of bioreactor used in our laboratory. The bioreactor used in 

our laboratory will be described in detail in Chapter 2.

1.9 Cellular stimulation

In addition to enhancing cell distribution, another important aspect of bioreactor use is 

cell stimulation. Bone cells respond to mechanical stimulation and bioreactors can be 

used to apply such stimulation. This can encourage bone cells to upregulate bone 

formation markers which may lead to earlier production of extracellular matrix (ECM).

Mechanotransduction is the response of a cell to physical stimuli with a cascade of 

biological signalling events [110]. Signal transduction activates various biochemical 

pathways including the inositol phosphate cascade [111]. The exact mechanism through 

which bone cells sen.se shearing flow is unknown [112, 113]. Evidence of the role of the 

actin cyctoskeleton and integrin cell adhesion molecules in sensing and responding to 

flow has been found [114]. It is thought that integrins which link the ECM to the actin 

cyctoskeleton inside the cell allow signals to be passed from the exterior of the cell to the 

nucleus. Another method by which cells may sense mechanostimulation is via a G- 

protein linked transducer on the cell membrane which interacts with a stretch-activated
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cation channel [115]. It is also the case that both extra-cellular calcium moving across the 

cell membrane and intra-cellular calcium stores being released have roles in 

mechanotransduction [115]. Another theory is that bone cells have a primary cilium 

which juts out into the flow, is bent due to flow and thereby transduces a signal from the 

exterior to the interior of the cell [116]. The activation of mitogen-activated protein 

kinases (MAPKs) ERK (extracellular signal-regulated kinase) and p38 also occurs due to 

shearing flow [112, 113]. MARK activity is known to be important in differentiation 

regulation and apoptosis, by transmitting extracellular signals to the nucleus, and ERK 

and p38 have been linked to upregulation of OPN mRNA in bone cells [113].

Although the exact mechani.sm through which cells sen.se flow is unknown, a number of 

biological signals can be measured at different stages during osteogenesis and used to 

draw conclusions about the stimulation of the bone cell population. Bone formation 

markers include intracellular Ca“^, cyclooxygenase-2, prostaglandin Ei, nitric oxide, runt 
related gene, alkaline phosphatase, osteopontin and osteocalcin.

Intracellular Ca‘^ is present in bone cells in intracellular stores such as the endoplasmic 

reticulum and is one of the earliest events in the mechanotransduction cascade [117]. It is 

pumped out of the cell and then back into intracellular stores by Ca“‘^-adenosine 

triphosphatases [110]. It transduces extracellular .signals to the cell interior and is 

necessary for the upregulation of later stage genes such as osteopontin (OPN) [17]. 

Prostaglandin E2 (PGE2) synthesis and release is an intermediate event in the 

mechanotran.sduciton cascade and is associated with bone formation [118]. Its synthesis 

involves the enzyme cyclooxygenase-2 (COX-2), which is, therefore another bone 

formation marker. Nitric oxide (NO) encourages mitosis in osteoblasts. It is a mediator 

of mechanical effects in bone, leads to enhanced PGE2 release [22] and may play a 

primary role in bone maintenance and remodelling [119]. The runt related gene (Runx-2) 

is a transcriptional activator which is needed for osteoblast differentiation and bone 

formation[120-122]. Alkaline phosphatase (ALP) activity is a marker of the osteoblast 

lineage and is upregulated during maturation before the onset of mineralisation [123,
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124]. Osteopontin (OPN) is a late stage marker in the mechanotransduction cascade, 

although it is also upregulated by a smaller degree during proliferation [125]. It regulates 

bone cell attachment, osteocla.st function and mineralisation [113, 125] and is important 

in bone remodelling [23]. 0.steocalcin (OC) is a late marker that is produced by 

osteoblasts before and during matrix mineralisation [16]. These bone formation markers 

can be measured at different times during cell culture to analyse the response of cells to 

stimuli. An increase in intracellular Ca“^ can be measured seconds after the onset of 

stimulation, while increased OC production has been shown to peak after approximately 

a month in 2-D culture (Figure 1.11) [123].

MATRIX
PROLIFERATION MATURATION MINERALIZATION

DAYS IN CULTURE

Figure 1.11 Expression of bone formation markers over time. AP-1, H4 and COLl are 
measures of proliferation. AP-1 represents c-fos and c-jun which are cell growth 

regulated genes. H4 histone is a cell cycle gene which reflects DNA synthesis. COLl 
is type 1 collagen. AP (alkaline phosphatase) is expressed during matrix maturation. 
OP (osteopontin), OC (osteocalcin) and Ca'"^ are expressed during minearalisation. 

Note that this is the calcium laid down in mineralisation and not the intracellular Ca^^ 
produced upon initial osteoblast stimulation [123]
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1.10 The response of bone cells to flow

Loading of rat forelimbs in vivo has been shown to increase bone mineral content and 

bone mineral density over unloaded bone [126], In addition, the number of osteogenic 

precursors in rat bone marrow has been shown to decrease in unloaded bone [127], The 

mechanical environment in which bone cells are cultured is clearly very important, while 

the mechanism by which cells respond to mechanical loading is not fully understood as 

yet. A significant amount of bone tissue is unbound fluid [127]. When bone is loaded in 

compression, fluid in the canaliculi is forced out. When the load is removed, the fluid 

flows back into the canaliculi, over osteocyte membranes. Thus, loading and fluid flow 

are coupled together and fluid flow may be an important mediator of bone remodelling 

[128]. Numerous studies have looked at the effects of fluid flow on bone cells in an effort 

to piece together how, why and to what stimulus bone cells respond.

It is estimated that osteocytes in bone tissue experience 0.8-3 Pa shear stress due to 

interstitial flow [129], although lacunar-canalicular flow has not been directly quantified 

[23] and there is a lack of data on the mechanical signals that bone cells experience in 

vivo [111]. Indeed, 3 Pa has sheared cells off glass and silane slides [130]. It has been 

shown that fluid flow can stimulate bone cells to increase levels of bone formation 

markers [16, 17, 19, 21, 22, 113, 131] and its use could improve mineralisation of the 

scaffold on which cells are seeded.

Most of the work done monitoring the effects of fluid flow on bone cells has been done in 

2-D. In general, layers of cells have been grown on slides and then inserted into parallel 

plate flow chambers. These flow chambers are similar to flow perfusion bioreactors in 

that they comprise a pump and a chamber, but in parallel plate chambers, the flow is 

directed over the surface of the cells rather than through a scaffold on which they are 

attached.

1.10.1 Steady flow in 2-diniensions

The response of cells to flow is thought to be due to the shear stress exerted by the flow
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stimulating the cells [128], Changes in the viscosity of the fluid change the shear stress 

and this was found to affect the cellular response [128], Increases in flow rate increase 

the shear stress. It was found that as the shear stress was increased from 0.6 to 6 Pa, the 

Ca'"^ response also increased [20J. The number of cells that respond to fluid flow, as well 

as the magnitude of the re,sponse, depends on the shear stress applied [117]. 

Prostaglandin E2 (PGE2) levels increased when osteoblasts were exposed to 0.6 and 2.4 

Pa of shear stress [21]. Nitric oxide (NO) levels also increased rapidly under 0.6 Pa shear 

[22]. The duration of steady flow was shown to affect the stimulation of cells. Bone 

marrow stromal cells (BMSCs) subjected to the same shear stress but for different 

durations demonstrated highest OPN mRNA levels with 30 minutes of shearing flow 

delivered every second day [19]. Thus, the response to steady flow changes depending on 

the magnitude of the shear stress it exerts on cells and the duration for which the cells are 

stimulated.

1.10.2 Rest-inserted flow in 2-diniensions

Use of continuous steady flow may cause a loss of cells (due to cell detachment) and 

diminish intercellular contact (due to signals being washed away) [132]. In addition, the 

response of bone has been found to saturate with continued long term mechanical loading 

[133]. In in vivo experiments using four point bending on rat tibiae, it was found that 

recovery periods were needed to restore mechanosensitivity. A recovery period is simply 

a non-loaded period which is inserted after loading to enable bone cells to recover their 

ability to respond to mechanical stimulus (their mechanosensitivity). A short-term 

recovery threshold has been noted between 7 and 14 seconds and a long-term one at 8 

hours. Higher bone formation rates resulted using both of these resting patterns, over 

loading with no rest-insertion [24]. Knowledge that recovery periods restore bone cell 

sensitivity [17] has led to the use of intermittent flow in vitro. Steady flow with a shear 

stress of 0.25 Pa for five minutes was followed by a rest period of five minutes. This 

cycle was repeated for 30 minutes to 24 hours. In comparison to continuous flow, PGE2 

levels increased after 4-10 hours of intermittent flow over continuous flow and static 

culture. However OPN mRNA values were highest for continuous flow culture [132].
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1.10.3 Oscillatory flow in 2-dimensions

In the body, fluid flow past bone cells is neither continuous nor steady. It is thought that 

oscillatory flow best mimics in vivo flow [134], Oscillatory flow reverses in direction and 

passes the same fluid particles over the cells repeatedly. In experimentation with 

oscillatory flow, the frequency and magnitude of the oscillation can both be changed and 

rest periods can be inserted after a given number of cycles. These variables result in a 

large number of different regimes that can be applied to cells.

Using continuous oscillatory flow, cells were found to respond with an increa.se in Ca""^ 

production only minutes after flow had started [113, 131] . OPN mRNA levels increased 

after hours of flow [113]. Proliferation and gene expression reflecting osteogenic 

differentiation also increased under oscillatory flow [131]. However, alkaline 

phosphata.se (ALP) activity decrea.sed with flow [131]. Oscillatory flow stimulates bone 

cells but the duration of flow has an effect on the stimulation and on what signals can be 

measured.

Another mechanism of mechanical loading that is linked to fluid flow stimulation is 

strain deformation of cells. In comparisons between oscillatory flow (±2 Pa, 1 Hz) and 

strain (0.1-10%, 1 Hz), OPN mRNA levels were found to increase with fluid flow but be 

unchanged with strain [23]. In other studies, strain was found to increase PGE2 release 

[135], decrea.se proliferation [136] or increase proliferation [137], depending on the 

magnitude of the strain applied. Strain applied at 2 Hz with higher frequency, lower 

amplitude waveforms superimposed, was found to increase mRNA expression of certain 

genes [138]. This implies that the signal frequency used is important in cell stimulation. 

In all instances, strain is coupled to fluid flow because as a substrate is strained, fluid 

moves in relation to the substrate. Thus, strain experiments will always include 

stimulation via fluid flow and results obtained from strain studies may give insights into 

fluid flow experimentation.
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Rest-inserted oscillatory flow can stimulate cells in a different manner to continuous 

flow. Osteoblasts usually respond with a single oscillation of Ca*"^ upon stimulation. In 

some cases, they can be stimulated to respond with multiple oscillations and the 

frequency of these oscillations is believed to be important for regulating cellular activity 

[110]. Using 2 minutes of oscillatory flow (±2 Pa, 2 Hz), with rest periods of 5-2700 

seconds before a second bout of flow, the Ca’”^ response was found to change depending 

on the rest period. With over 10 minutes rest, the percentage of cells responding to the 

second bout of flow was similar to the first bout. With over 15 minutes rest, a similar 

magnitude of response was obtained. With 15 minutes continuous oscillatory flow, 54% 

of the cells that responded initially displayed subsequent oscillations [110]. The response 

to using rest periods of 5, 10 and 15 seconds after 10 cycles of oscillatory flow was found 

to depend on the magnitude of the peak .stress used (±1 Pa or ±2 Pa). In addition, rests of 

10 seconds were found to give the highest OPN mRNA levels compared to the other 

resting regimes and continuous flow [17]. Rest-inserted oscillatory flow has proved to be 

effective in stimulating cells. The length of the rest changes cell signalling and different 

rest durations may be appropriate for increasing different signals.

1.10.4 Pulsatile flow in 2-dimensions

When the flow does not reverse during a cycle, the profile is known as pulsatile. Net fluid 

movement is in one particular direction over the cells or through the scaffold due to the 

average flow being non-zero (.see Figure 1.12). Pulsatile flow has also been used to 

stimulate cells, due to the hypothesis that the superimposition of the steady and 

oscillatory profiles may provide the best regime for enhancing fluid transport and cell 

stimulation [16].
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Figure 1.12 Flow profiles [134]

NO and PGE2 production increased under pulsatile flow compared to static culture [22, 

124], Using continuous pulsatile flow, cell number and mineralisation increased with 

time but after 7 days of flow, no significant difference was found between static and flow 

groups [124]. In 2-D comparisons between steady (2 Pa), oscillatory (±2 Pa) and pulsatile 

(0-2 Pa) flow regimes, oscillatory flow was found to be less stimulatory than pulsatile or 

steady flow, even though oscillatory flow is thought to be the best approximation of flow 

in vivo. As the frequency of the dynamic loading regimes was increased (from 0.5 Hz to 2 

Hz), the responsiveness of the human foetal osteoblasts (hFOBs) used decreased. This 

was measured via Ca""^ response to flow [134]. Pulsatile flow, therefore, while it may be 

an improvement over oscillatory flow, has not been shown to be the perfect stimulus for 

bone cells.

1.10.5 Fluid flow in 3-diniensions

In 2-D experiments using parallel plate flow chambers, flow can be modelled quite 

simply as laminar flow and the mechanical stimulus applied to the cells is easily 

calculated. The 3-D case is much more complex. The combination of flow regime and 

scaffold used affects the shear stress experienced by the cells on the scaffold.
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Computational fluid dynamics (CFD) analysis can be used in order to model these 

stresses accurately (see Introduction, Chapter 3).

Flow perfusion bioreactors have been shown to increase alkaline phosphatase (ALP) 

expression after 7 and 14 days more than spinner flasks or rotating wall vessels [1] and 

are the type of bioreactor chosen for use in most 3-D stimulation studies. MC3T3-E1 (a 

cell line of pre-osteoblastic cells) cells were seeded on trabecular bone scaffolds, the flow 

rate of perfusion altered and the mRNA expression of Runx-2, OC and ALP measured 

[16]. It was found that using a steady flow rate of only 1 mL/min killed nearly all the 

cells on the scaffold after 7 days in culture. However, a flow rate of 0.01 mL/min led to a 

high proportion of viable cells both on the surface and inside the scaffold, although gene 

expression of Runx-2, ALP and OC was not increased due to this flow rate. The 

distribution was an improvement over static culture, where cells resided predominantly 

on the periphery [16]. A 3-D computational model of flow through this scaffold showed 

that the shear stresses experienced by cells on the scaffold were significantly smaller than 

shear stresses used in 2-D experiments. A flow rate of 1 mL/min (that which resulted in 

near complete cell death on the scaffold) was found to correspond to a shear stress of 

5.7x10'^ Pa [139].

Using a flow rate of 0.3 mL/min with bone marrow stromal cell-seeded titanium meshes 

in a flow perfusion bioreactor was found to enhance mineral deposition over static 

controls after 16 days of culture [140]. Increasing the viscosity of the culture medium 

used in the bioreactor, resulting in increased shear stress without increased nutrient 

exchange, was found to significantly increase the amount of mineral deposition [140]. 

Thus, increasing shear stress, when de-coupled from increased fluid flow rate has been 

shown to enhance mineral deposition.

Using a CaP scaffold and a flow rate of 0.025 mL/min in a flow perfusion bioreactor, 

PGE2 levels were found to increase over static controls. When a stimulus of 30 minutes 

of oscillatory flow at 1 Hz with a 40 mL/min peak was superimposed on the steady flow, 

PGE2 levels increased further. The number of cells remaining on the scaffolds decreased
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due to this large dynamic stimulus but this decrease was not found to be statistically 

significant [141], The combination of a perfusion period (for nutrient delivery and waste 

removal) and a stimulation period may deliver enhanced fluid transport with enhanced 

stimulation of cells and may yet prove to be the optimum regime for bioreactor culture.

In summary, the use of fluid flow to stimulate osteoblasts has shown encouraging results. 

There are multiple variables that can be altered in an attempt to improve the mechanical 

environment in which cells are cultured, and thus improve the tissue engineering process. 

The ideal flow regime has yet to be found but work to date has pointed to combinations 

of rest-inserted, steady and dynamic flow seeming promising. The flow profile used, of 

course, depends on the scaffold used, as the shear stresses due to flow change depending 

on scaffold architecture.

1.11 Bioreactor validation

In Chapter 2, the validation of the flow perfusion bioreactor used in our laboratory is 

presented. Despite the widespread use of bioreactors, validation of bioreactor systems is 

rarely reported. While validation may not be critical when using stiff scaffolds and steady 

flow, validation becomes vital if compliant scaffolds or dynamic culture are being used. 

Confirming that the flow introduced into the bioreactor system does indeed perfuse the 

scaffold is necessary to enable the correct characerisation of the stresses experienced by 

the cells. Bioreactor culture conditions can only be optimised if it is confirmed that inputs 

to the system, such as dynamic flow, are experienced by the cells.

1.11.1 Measurement of pulsating fluid flow

The presence of pulsations in liquid flow limits the types of flow meter that can be used 

to measure the flow quite considerably. The inertia of mechanical devices (such as 

rotameters) causes response time errors; vortex-shedding meters could resonate with the 

pulsation; positive displacement meters may introduce pulsations into the flow [142]. 

When the constraint of measuring pulsations is coupled with the requirement to measure 

very low flow rates, the choice of suitable types of flowmeter is reduced further, leaving
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only ultrasonic techniques, particle image velocimetry (PIV), laser Doppler velocimetry 

(LDV) or laser Doppler flowmetry (LDF) as options worth considering.

Ultrasonic flowmeters use sound waves at high frequency to measure flow rate. Sound 

waves are transmitted through the flow and received by transducers. In the most basic 

method, two transducers transmit sound waves diagonally across the fluid path to two 

receiving transducers. If the fluid is moving, there will be a difference in velocity 

between the two beams due to the sound wave moving faster in the downstream direction 

compared to the upstream direction. This difference is dependent on the fluid velocity 

and thus allows the mean velocity to be measured. Ultrasonic probes work best in pipes 

of fairly large diameter but they can be used in pipes of outer diameter as small as 3 mm 

[143] and at steady flow rates down to 1 mU/min. They have been used to measure the 

flow at the inlet to bioreactor chambers [17, 110, 113, 134, 141], but only for pulsing 

flow rates of amplitude 18 mU/min or higher. Ultrasonic flow probes are prohibitively 
expensive for use in a once-off application.

Particle image velocimetry (PIV) is another non-invasive method of flow measurement. 

Fine particles, known as tracer particles, are introduced into a fluid and a planar laser 

light sheet is pulsed to illuminate them. Images of the illuminated particles are recorded 

as time progresses and the displacement of the particles from one image to the next can 

be used to measure the velocity of the particles. Evaluating the images obtained involves 

dividing the image into interrogation areas and using auto- and cross-correlation to 

determine the local displacement of the particles. PIV has been used to examine the flow 

in a parallel-plate flow chamber. Silver coated glass spheres of diameter 80 pm were used 

to measure flow rates down to 10 mL/min [144]. The gravitationally induced velocity 

(which causes tracer particles to settle out of suspension) in this case is too high to allow 

measurements of lower flow rates and at higher flow rates, high precision cameras are 

needed to resolve the particles.

Laser Doppler Velocimetry (also known as Laser Doppler Anemometry) is an optical
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method of flow measurement. It makes use of the Doppler shift in the frequency of the 

laser used due to the relative motion between a source and receiver to measure flow rate. 

This small change in the frequency of the light used is difficult to measure. Using the 

superimpositon of two scattered beams and measuring the frequency difference between 

them instead of attempting to measure this small change in frequency is the practical 

solution to this problem. In LDV, laser light beams are used to form interference patterns 

in the region of interest in the flow field. Particles in the flow move these patterns and the 

resulting intensity variations can be detected using a photodetector. The electrical signal 

that is then output is related to the velocity of the particles and hence, the velocity of the 

fluid. Similarly to PIV, an advantage of using LDV is that, since it is a non-invasive 

method, flow is not disturbed due to the presence of a probe in the flow field. However, 

transparent fluids and tubing must be used with this method and particles must be present 

in the working fluid to scatter the laser light. Similarly to PIV, it can prove difficult to 

find the correct size and concentration of particle to use with LDV: seeded particles that 

are big enough to scatter sufficient light for signal detection but small enough to follow 

the flow faithfully. LDV apparatus is also prohibitively expensive for u.se in once-off 
validation work.

Laser Doppler Flowmetry (LDF) is another method for flow measurement. It is an 

extension of PIV and is similar to LDV. This method also uses the Doppler principle to 

measure fluid flow. A low powered laser emits monochromatic light through fibre optical 

cables. The emitted beam is reflected off moving particles onto a photodetector. The 

Doppler equations that govern LDV also govern LDF, with the change being that only 

one beam is used to illuminate the flow and the frequency change is obtained by 

comparing the reflected beam to a reference beam.
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Figure 1.13 Laser Doppler Flowmetry [145]

LDF is often u.sed to measure microvascular blood perfusion through tissue. It reflects the 

incident laser light off moving red blood cells in order to obtain a measure of 

microvascular blood flow (Figure 1.16). LDF allows continuous monitoring of flow and 

is generally employed with small probes, making it a versatile method that can be used in 

a number of locations where other techniques fail [143]. For these reasons, LDF was 

chosen for use in the validation of the bioreactor used in our laboratory, as will be 

presented in Chapter 2.

For LDF to work with fluids other than blood, particles must be added to the flow to 

reflect the laser light. To enable measurement of the low flow rates needed in the 

bioreactor, the choice of particle is critical. Similarly to PIV and LDV, particles of too 

large a size would have too large a gravitationally induced velocity and would settle out 

of solution too quickly for measurements to be made. For flow measurements in the 

range needed, particles of 0.5 pm diameter or less were required [146]. The light 

scattering behaviour of the particles is a function of the ratio of the refractive index of the 

particles to that of the surrounding fluid and of their size, shape and orientation. The 

intensity of scattered light increases as the particle diameter does. However, the scattering 

efficiency can also be increased by using more particles to provide a heavily seeded flow, 

although this also increases background noise. The density of the particles is also of the 

utmost importance. The constraints required that small particles that are nearly neutrally 

buoyant ( ~ P/iim ) water be used. This eliminates a number of particle
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materials in general use, such as nickel, calcium carbonate, alumina, glass and silvered 

glass. An advantage over PIV in particle choice is that the particles do not have to reflect 

enough light to provide a good photographic image, only enough for a photodetector to 

detect.
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1.12 Objective

The aim in this work was to develop a tissue-engineered construct with enhanced 

osteogenic capabilities due to its structural and material properties, populated by a 

homogeneous distribution of stimulated cells. To do this, the goal was to develop a 

composite scaffold composed of the two major constituents of bone, collagen and 

hydroxyapatite, and furthermore, to stimulate the cell-seeded construct in a flow 

perfusion bioreactor.

The specific objectives were;

• To validate a flow perfusion bioreactor developed in our laboratory for use with 

steady, oscillatory and pulsatile fluid flow (Chapter 2)

• To examine the effects of short-term rest-insertion on cellular stimulation in the 

flow perfusion bioreactor (Chapter 3)

• To develop a range of collagen-hydroxyapatite scaffolds for use in tissue 

engineering and investigate the effects of HA content on scaffold structural 

properties (Chapter 4)

• To characterise the collagen-hydroxyapatite scaffolds developed by examining 

structural properties as well as biocompatibility and osteogenic capability 

(Chapter 5)

• To use knowledge gained during the development of the collagen-hydroxyapatite 

scaffolds and during experimentation with the bioreactor to study the impact of 

bioreactor stimulation of cell-seeded collagen-hydroxyapatite constructs (Chapter 

6)
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2.1 Introduction

A bioreactor is any device that uses mechanical means to influence biological processes 

[107], The reasons for using them in tissue engineering are two-fold. The first reason is to 

increase the fluid flow through scaffolds, thus improving nutrient exchange and waste 

removal from the centre of constructs. This improves cell viability throughout the 

scaffold and delivers a more homogeneous scaffold as a result. The second reason is for 

cell stimulation. The shear force exerted on the cells by the fluid flow through the 

scaffold has a stimulatory effect on them and can cause them to increase levels of bone 

formation markers [16].

The mechanical environment in which cells are cultured is important for their stimulation 

[147] and different flow patterns and rates have been shown to elucidate different 
respon.ses from cells [16, 134]. Most of the work done on the effects of fluid flow on 

bone cells thus far has been done in 2-D. The response to steady flow changes depending 

on the magnitude of the shear stress exerted on cells and the duration for which the cells 

are stimulated. Oscillatory flow reverses in direction and passes the same fluid particles 

over the cells repeatedly. When the flow does not reverse during a cycle, the profile is 

known as pulsatile. Net fluid movement is in one particular direction over the cells or 

through the scaffold, due to the average flow being non-zero. Pulsatile flow has also been 

used to stimulate cells. In comparisons between steady (2 Pa), oscillatory (±2 Pa) and 

pulsatile (0-2 Pa) flow regimes, oscillatory flow was found to be less stimulatory than 

pulsatile or steady flow, even though oscillatory flow is thought to be the best 

approximation of flow in the lacular/canalicular network in bone in vivo [134]. The 

frequency of the dynamic loading regimes also affects the responsiveness of the cells 

[134].

While observing the effects of fluid flow on 2-D cellular monolayers can give some 

indication of their responses, a better approximation of physiological conditions can be
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obtained by using a cell-seeded 3-D scaffold [141], The forces exerted on the cells in a 3- 

D construct are more complicated than those on a 2-D monolayer because the 

combination of flow regime and scaffold used affects the shear stress experienced by the 

cells on the scaffold. When flow through a trabecular bone scaffold [16] was analysed 

using a 3-D computational model, it was shown that the shear stresses experienced by 

cells on the scaffold were significantly lower than shear stresses used in 2-D experiments. 

A flow rate of 1 mL/min (that which resulted in near complete cell death on the scaffold) 

was found to correspond to a shear stress of 5.7x10“" Pa [139], much smaller than the 

0.8-3 Pa it is estimated that osteocytes in bone tissue experience due to interstitial flow 

[129].

The use of fluid flow to stimulate osteoblasts has shown encouraging results. There are 

multiple variables that can be altered in an attempt to improve the mechanical 

environment in which cells are cultured, and thus improve the tissue engineering process. 

Flow profile, use of recovery period, and frequency and magnitude of stimulus all affect 

cellular stimulation. This being the case, it is important to validate the bioreactor being 

used and to verify that the flow being applied to the system is applied to the scaffold.

2.1.1 Flow perfusion bloreactor

A flow perfusion bioreactor for use with compliant scaffolds, such as the collagen- 

glycosaminoglycan (CG) scaffold, was developed in our laboratory [148]. A diagram of 

the bioreactor is shown in Figure 2.1. It consists of a programmable syringe pump, a 

scaffold chamber, a media reservoir and silicone tubing. The scaffold chamber was made 

from polycarbonate which was drilled and threaded. Threading of the hole through which 

fluid passes allowed valves to be screwed into position. Silicone tubing was fitted onto 

the valves to provide a flow path of 9.5mm diameter from the syringe pump (New Era 

Pump Systems Inc., New York), through the scaffold chamber, to the reservoir. To ensure 

that the 12.7mm scaffold stays in place, it is inserted into the scaffold chamber inside the
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0-ring, between two pieces of wire mesh and is under approximately 10% compression 

[148],

2.1.2 Bioreactor validation

There were two objectives in validating this device. One was to ensure that perfusive 

flow was obtained in the bioreactor. This was undertaken by Dr. Michael Jaasma, a post

doctoral associate working in the Royal College of Surgeons (see 2.4 Discussion, [148]). 

The second was to ensure that flow profiles introduced to the system by the pump were 

transferred through the scaffold chamber. In order to achieve this second aim, the 

different flow profiles intended for use within the bioreactor had to be measured. Since 

dynamic and steady flow have different effects on cells, the flow measurement device 

used would have to be able to measure both of these types of flow.

Media
Reservoir

Scaffold
Chamber

Syringe Pump

WINGNLfT

SPACER

OJ

1

VALVE

Figure 2.1 A: Flow perfusion bioreactor diagram [148]. B: Scaffold chamber diagram

Flow measurement

The presence of pulsations in liquid flow limits the types of flow meter that can be used 

to measure the flow quite considerably. The inertia of mechanical devices (such as
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rotameters) causes response time errors; vortex-shedding meters could resonate with the 

pulsation; positive displacement meters may introduce pulsations into the flow [142]. 

When the constraint of measuring pulsations is coupled with the requirement to measure 

very low flow rates, the choice of suitable types of flowmeter is reduced further, leaving 

only ultrasonic techniques, particle image velocimetry (PIV), laser Doppler velocimetry 

(LDV) or laser Doppler flowmetry (LDF) as options worth considering (see Chapter 

1.11.1, Measurement of Pulsating Flow for more detail). Of these, ultrasonic techniques 

and LDV are prohibitively expensive for use in a once-off application, while PIV cannot 

be used at very low flow rates.

Laser Doppler flowmetry (LDF) uses the Doppler principle to measure fluid flow. A low 

powered laser emits monochromatic light through fibre optical cables. The emitted beam 

is reflected off moving particles onto a photodetector. For LDF to work, particles must be 

added to the flow to reflect the laser light. To enable measurement of the low flow rates 
needed in the bioreactor, the choice of particle is critical. Particles of too large a size 

would have too large a gravitationally induced velocity and would settle out of solution 

too quickly for measurements to be made. For flow measurements in the range needed, 

particles of 0.5 pm diameter or less were required [146]. The density of the particles is 

also of the utmost importance. The constraints required that small particles that are nearly 

neutrally buoyant ( pp^„icie ~ Puuid ) water be used. This eliminates a number of particle 

materials in general use, but polystyrene, which has a similar density to the working fluid 

(water) remained a suitable candidate (pp„iy,iyrene - water - ^OOOkg Irtp ).

2.1.3 Aim

Steady, pulsatile and oscillatory flow have all been used extensively to stimulate cells 

[134, 149]. The aim in this work was therefore to validate the flow perfusion bioreactor 

for use with these three important flow profiles.
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Specific objectives

The specific aims in using laser Doppler flowmetry to validate the bioreactor were:

a. To measure steady flow

b. To measure oscillatory and pulsatile flow

c. To ensure that the peak flow rates of oscillatory and pulsatile programmed 

into the pump were achieved using these dynamic flow patterns

d. To ensure that dynamic flow was similar upstream and downstream of the 

scaffold chamber despite the presence of valves in the system

e. To assess the effect of frequency on peak flow rate for the dynamic flow 

patterns

f. To verify that flow rate did not depend on syringe position. The pump can 

hold 6 syringes at any one time. It was vital to ensure that the pump 

applied force to the syringes equally, so that stimulation did not depend 

upon the positioning (nearer/further from the centre of the pump) of a 

specific syringe

g. To assess the effect of the number of steps per pulse on the flow profile 

output

h. To examine the effect of the presence of a CG scaffold in the scaffold 

chamber on the signal obtained upstream and downstream of the scaffold 

chamber
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2.2 Materials and methods

The syringe pump used (NE-1600 pump from New Era Pump Systems Inc., New York, 

USA) allowed the three flow profiles of interest (steady, pulsatile and oscillatory flow) to 

be input to the bioreactor system. A program to provide oscillatory flow was obtained 

from the pump manufacturers and altered to provide pulsatile flow (see Appendix A). 

Graphical representations of the programs are shown in Figure 2.2.

2.5

1.2

2.5

c 21
i
V
aj .,

CC I
So
li- 0.5

0
0 0.2 0.4 0.6 0.8

Time (seconds)
1.2

Figure 2.2 Representations of oscillatory (in red) and pulsatile (in blue) programs used
with the syringe pump. Both are at 1 Hz.

2.2.1 Laser Doppler flowmetry

A Transonic Laser Doppler Monitor which emits laser light at 780 nm was used to 

measure the flow rate via LDF. The working fluid used in the bioreactor was water.
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Polystyrene particles of 0.35 pm diameter (Polysciences, Germany) were put into a small 

cylinder of tubing between two valves. This was connected into the hioreactor upstream 

of the sensor. Readings were taken as the particles moved past the sensor and the 

particles were then collected and centrifuged for re-use. The sensor used was a type M 

fibre optic probe (Transonic Systems Inc., New York, USA) which was inserted through 

the silicone tubing into the flow mid-stream at one of two positions: 4 cm upstream or 

downstream of the scaffold chamber. The signal from the flow sensor, which is a measure 

of the velocity of the fluid, was sent to a data recording system (MacLab/2e) and on to a 

data manipulation package (Chart v 3.3.6) where it was presented as a voltage output. A 

sampling rate of 40 samples per second was used to obtain flow signals.

2.2.2 Flow readings

The programs were loaded onto the syringe pump and the flow profiles were measured 
(see Appendix A for example of program). Steady flow rates of 0.1-2 mL/min and 

pulsatile and oscillatory flow regimes with peak flow rates of 0.5-2 mL/min were used. 

Oscillatory flow was measured at 0.5 Hz and 1 Hz and pulsatile flow was measured at 1 

Hz and 2 Hz. Oscillatory flow peaks twice during a cycle and pulsatile flow peaks once, 

(Figure 2.2), so these frequencies corresponded to 1 and 2 peaks per second in both cases. 

At all times, measurements were taken with two syringes in place in the syringe pump to 

balance the force applied to the syringes (Figure 2.3). The two innermost syringe 

positions on the pump were used (those nearest the centre of the pump) for most 

experimental work. The two outermost positions were used to check that syringe position 

did not affect signal output. In the programs used, the number of steps per cycle for 

oscillatory flow was 40 and for pulsatile flow, 29. To examine the effect of this parameter 

on output, pulsatile programs with 13 and 8 steps per cycle were written and the signals 

obtained using them recorded. The majority of measurements were taken without a CG 

scaffold in place in the scaffold chamber but the effect of the presence of a CG scaffold 

was also examined.
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2.2.3 Scaffold fabrication

CG slurry was fabricated by blending fibrillar collagen (Integra, New Jersey, USA) with 

0.05 M acetic acid in a reaction vessel cooled to 4°C by a WK1250 cooling system 

(Lauda, Westbury, NY, USA) using an overhead blender (IKA Works Inc., Wilmington, 

NC). Chondroitin-6-sulphate sodium salt (Sigma-Aldrich Ireland, Dublin) in 0.05 M 

acetic acid was added to the blended collagen to complete the CG slurry.

Slurry was de-gassed under a vacuum to remove air bubbles. 67.25 mL of slurry was 

pipetted into a steel pan (12.7 cm by 12.7 cm) and placed in a freeze-dryer (VirTis Co., 

NY, USA). The slurry was frozen to -40°C at a cooling rate of -0.9°C/min and held at 

-40°C for one hour [31]. A low cooling rate such as this provides homogeneous ice 

crystal nucleation and therefore a homogeneous pore structure in CG scaffolds [31]. The 

pressure was then reduced to 200 mTorr and the ice sublimated off at a temperature of 

0°C over a 17 hour period. The temperature was then brought back up to room 

temperature and the scaffold removed from the freeze-dryer. Scaffolds were stored in 

aluminium foil in an airtight container.

Scaffolds were crosslinked using dehydrothermal (DHT) crosslinking. Scaffolds were put 

into a vacuum oven at 0.05 Bar for 24 hours at a temperature of 105°C. As well as 

strengthening the scaffolds, this treatment sterilises the scaffolds for use in cell culture. 

12.7 mm diameter CG scaffold samples were further crosslinked using EDAC 

crosslinking to increase the compressive modulus of the scaffolds and to decrease the 

percentage shrinkage of the scaffolds due to cellular action over time. EDAC crosslinking 

involved immersing the scaffolds in phosphate buffered saline (PBS, Sigma-Aldrich) and 

then in a mixture of EDC/NHS (14 mM N-(3-Dimethylaminopropyl)-N’- 

ethylcarbodiimide hydrochloride and 5.5 mM N-Hydroxysuccinimide in distilled water; 

Sigma-Aldrich) for two hours [150] . EDAC residue was subsequently washed off by 

placing the scaffolds in a container of phosphate buffered saline (PBS) on an orbital 

shaker for one hour, changing the PBS after 30 minutes. The protocol followed is in 

Appendix B.

78



2.2.4 Statistical analysis

Statistical analysis was done in Sigmastat for Windows Version 3.0 (SPSS Inc., IL, USA) 

or Minitab 15 Statistical Software (Minitab Inc., PA, USA). One way and two way 

ANOVA were used in Sigmastat and general linear model ANOVA was used in Minitab. 

Unlike Sigmastat, Minitab does not require a balanced data set for ANOVA with more 

than two factors. The post-hoc test used was the Tukey test, which is a conservative test 

used for examining differences within groups once an overall significant effect of a factor 

has been pinpointed by ANOVA.

Figure 2.3 Pump with syringes at the central positions.
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2.3 Results

Results are presented in line with the specific objectives (section 2.1.3).

a. The flow sensor successfully measured steady flow rates from 0.1 mL/min to 2 

mL/min. Examples of the signals obtained for steady flow are shown in Figure 2.4. Over 

sixteen signals were obtained for the flow rates 0.1, 0.2, 0.5, 1 and 2 mL/min. The 

average of one second of flow was taken as being representative of each individual 

signal. Noise readings were taken directly before the pump was turned on to obtain an 

average noise level that was subtracted from the flow signals obtained. Table 2.1 gives 

mean flow rates and their 95% confidence intervals.

2mL/min 
1 mL/min 
0.5 mL/min 
0.2 mL/min 
0.1 mL/min

Figure 2.4 Example of signals obtained for steady flow at flow rates of 0.1-2mL/min

PumD Flow Rate (mL/min) Voltage Output ±95% Cl (mV)

0.1 13.0 + 3.2

0.2 38.4 + 7.2

0.5 61.2± 11.0

1 151.2+ 17.1

2 234.7 + 29.9

Table 2.1: Voltage output for various flow rates. 16 signals were obtained for each flow 
rate and the mean flow rates with their 95% confidence intervals are presented here
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b. Oscillatory and pulsatile flow regimes with peak flow rates of 0.5, 1 and 2 

mL/min were measured at frequencies of 0.5-2 Hz. Examples of signals obtained can be 

seen in Figures 2.5 and 2.6. It should be noted that LDF only measures the magnitude of 

flow and not the direction. This is the reason oscillatory flow is always above zero 

(Figure 2.5). Sixteen signals were obtained for the two flow types at the three different 

flow rates at 1 Hz. The average of four peak values of each dynamic signal was taken as 

being representative of the peak reading for each individual signal. Table 2.2 shows the 

mean values for oscillatory and pulsatile flow at the three different flow rates.
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Figure 2.5 Examples of 1 Hz oscillatory flow with peak flow rates of 0.5, 1 and 2 
mL/min. 1 Hz oscillatory flow has two peaks per second. The measurement method 
cannot measure flow direction, so both directions of flow exhibit a positive output
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Figure 2.6 Examples of 1 Hz pulsatile flow with peak flow rates of 0.5, 1 and 2 mL/min.
1 Hz Pulsatile flow has one peak per second

PumD Flow Rate Voltage Output +95% Cl (mV)
(mL/min) Oscillatory Pulsatile

0.5 63.3 + 8.1 72.3 ±13.1

1 141.0 ±8.7 143.7 ±12.0

2 247.3 ±22.3 236.1 ±17.1

Table 2.2. Mean values and 95% confidence intervals for c
Hz

ynamic signals obtained at 1

c. To check that the peaks of the dynamic flows corresponded to the steady flow

values for all flow rates, the peaks for both oscillatory flow and pulsatile flow were 

tabulated and graphed (Figure 2.7). Sixteen signals were obtained for the three flow types 

at the three different flow rates at 1 Hz. As before, the average of four peak values of 

each dynamic signal and the average of one second of steady flow was taken as being 

representative of each individual signal. An Analysis of Covariance was performed to 

compare the three regression lines and it was found that there was no significant
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difference between the three (Figure 2.7, p>0.808). This demonstrates that peak flow 

rates for dynamic flows correspond to the relevant steady flow rates (0.5, 1 or 2 mL/min), 

showing that these peak flow rates are achieved in the bioreactor and that no damping of 

the dynamic flow patterns occurs.

0.5 1 1.5
Pump flow rate (mL/min)

2.5

Figure 2.7 Steady, pulsatile and oscillatory flow signal against pump flow rate. For 
clarity, steady and oscillatory groups have been moved horizontally. All readings are

at IHz.

d. Figure 2.8 shows signals obtained upstream and downstream of the scaffold 

chamber, analysed in order to see the effect of the scaffold chamber on the signal. 

Statistical analysis confirmed that the presence of the scaffold chamber had a negligible 

effect on the signal output: steady, oscillatory and pulsatile signals at 1 mL/min peak 

flow rate and 1 Hz obtained upstream and downstream of the scaffold chamber were 

compared using Two-Way ANOVA. There was no significant difference between the 

three flow types (p=0.74) or between the two measurement positions (p=0.604).
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Figure 2.8 Example of 1 Hz oscillatory signal obtained upstream and downstream of the
scaffold chamber.

e. In addition to the signals obtained at 1 Hz, at least four signals for each dynamic 

flow type at the three flow rates were obtained at 0.5 Hz for oscillatory flow and 2 Hz for 

pulsatile flow. To examine the effect of frequency on voltage output, oscillatory signals 

at 0.5 and 1 Hz and pulsatile signals at 1 and 2 Hz were compared using general linear 

model ANOVA in Minitab, with flow rate and flow type as other factors in the model. 

Signals were assigned a number based on the number of peaks in one second of flow in 

order to enable comparisons to be made (Table 2.3). It was found that frequency had no 

effect on signal output (p=0.5646), flow type had no effect on signal output (p>0.9739) 

and that flow rate had a significant effect on signal output (p<0.00005).

Flow type Frequency (Hz) Number of Peaks per

second

Oscillatory 0.5 1

Oscillatory 1 2

Pulsatile 1 1

Pulsatile 2 2

Table 2.3 Number of peaks per second depends on flow type and frequency

f. Signals obtained with syringes positioned at the centre of the pump were similar 

to those obtained with syringes furthest from the centre (Figure 2.7). To verify that there 

was no difference between them, pulsatile signals at 1 Hz and a peak flow rate of 1
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mL/min were obtained at the two syringe positions and compared. A One-Way ANOVA 

test showed no statistical difference due to syringe position (p=0.336). This demonstrates 

that any syringe position can be used during bioreactor culture as there is no effect on the 

flow pattern due to position.

g. Due to programming constraints, the number of steps per pulse had to be 

minimised for more complicated programs to be written. Comparisons between pulsatile 

flows at 2 mL/min peak flow rate and 1 Hz using 29, 13 and 8 steps per pulse showed no 

statistical difference (p=0.182, Figure 2.9). This means that the number of steps per pulse 

can be reduced to 8 without affecting the flow profile obtained in the bioreactor.
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Figure 2.9 On top: Examples of pulsatile signals obtained with programs using 8, 13 and 
30 steps per pulse. On bottom: Graphical representation of the three different

programs used
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h. Data obtained when a CG scaffold was inserted into the scaffold chamber 

showed that the presence of the scaffold did not damp the oscillations present in the 

dynamic flow patterns to any noticeable degree. It was found that there was no significant 

difference between signals obtained upstream of the scaffold chamber and those obtained 

downstream of the chamber, despite the presence of the scaffold (p=0.095).
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2.4 Discussion

The aim in this study was to validate the flow perfusion bioreactor for use in further 

experimentation. Specifically, it was to ensure that three different flow profiles 

introduced to the system by the pump (steady, oscillatory and pulsatile flow) were 

transferred without damping through the scaffold chamber. This ensures that in future 

experimentation, the stimulus input by the pump will travel to a cell-seeded construct in 

the scaffold chamber without distortion.

Steady, pulsatile and oscillatory flow were all measured successfully in the bioreactor 

using laser Doppler flowmetry (LDF). Steady flow at a minimum of 0.1 mL/min and a 

maximum of 2 mL/min was measured. Pulsatile and oscillatory flow with peak flow rates 

of 0.5, 1 and 2 mL/min at frequencies of 0.5-2 Hz were also measured. It was confirmed 

that the peak flow rates of dynamic flow coincided with the relevant average steady 

flows. This is important because it validates the pump programs being used and proves 

that, for example, a program written to provide 1 mL/min peak flow will deliver this peak 

flow rate at the scaffold chamber. The frequency at which a signal is obtained, in the 

range 0.5-2 Hz, does not affect the signal output, and therefore varying frequencies can 

be used in the bioreactor without affecting the peak flow rate. The presence of the 

scaffold chamber does not affect the flow profile to any significant level. This was 

proved by comparing flow signals obtained upstream and downstream of the scaffold 

chamber. The positioning of syringes in the pump does not affect the flow in the 

bioreactor, as long as there are an equal number of syringes on either side of the drive 

screw. A pulse with 8 steps in it will provide a similar signal to a pulse with 29 steps per 

pulse. The pump programs can only have 41 steps in them in total, so minimising the 

number of steps per pulse allows complicated programs combining steady and dynamic 

flow to be written for the pump. The ability to program the pump was vital for its use in 

further experimentation. Manually controlled peristaltic pumps (for example, those made 

by Watson-Marlow), while useful for steady flow applications, could not be used in 

conjunction with the bioreactor validated here.
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In programming the syringe pump, despite the frequency in the program for the pump 

being input at exactly 1 Hz, the output from the pump was found to be as high as 1.19 Hz 

in some cases. Upon examining this issue, it was found that at much lower frequencies of 

around 0.1 Hz, both the oscillatory and pulsatile programs were accurate. However, they 

started deviating from the required frequency around 1 Hz and deviated further as the 

frequency increased. According to the manufacturer of the pump, “the frequency change 

is probably too fast for the mechanics and the syringe plumbing to cope” and the 

frequency obtained “is probably very good considering all the variables” (Personal 

communication Barry Cowen, New Era Syringe Pump Inc.) In order to get an output of 1 

Hz from the pump, the frequency values in the programs had to be changed. For example, 

for an oscillatory program with a peak flow rate of 2 mL/min, in order to get 1 Hz output, 

a frequency of 1.095 Hz has to be input to the program.

The noise in the system was in constant fluctuation. This was in part due to interference 

from other machinery in the vicinity of the laser monitor and in part due to the high 

concentration of particles present in the flow causing high background noise in the 

signals. In order to minimise the effects of the noise on the flow readings, the noise was 

recorded just before every flow measurement was taken and then subtracted from the 

reading. This standardised the readings so that they could be compared easily. Despite 

subtracting the average noise from the readings, random fluctuations in the signals due to 

noise were still present and could not be removed. The large spread of the values 

measured can be put down to the influence of the noise on the signals.

Surprisingly, the presence of a CG scaffold in the scaffold chamber did not affect the 

flow downstream of the scaffold chamber. This may be explained in a number of 

different ways. The scaffold, being very compliant, may be moving with the pulsation 

and hence, propagating the pulse down through the scaffold chamber. Alternatively, it 

may be that the scaffold is actually damping the signal but the measurement device was 

not sensitive enough to pick this up. The p-value obtained in the analysis was 0.095 

which may point to there being a trend that the flow downstream of the scaffold chamber 

has been damped compared to the flow upstream. Three dimensional flow through a
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scaffold is complex and cannot be measured using LDF. Therefore, the value in taking 

point measurements of flow with a relatively crude device from which a true picture of 

the flow pattern cannot possibly be obtained is questionable. For this reason, extensive 

measurements were not made with a scaffold present in the chamber. The aim of the 

study was to validate the apparatus for use with a number of different scaffolds including 

composite scaffolds, so it was deemed unnecessary to delve too deeply into analysis of 

flow with a CG scaffold present in the bioreactor. A more appropriate method of 

examining the flow through a scaffold is a computational method such as computational 

fluid dynamics (CFD), as will be discussed in Chapter 3. As an alternative to CFD, 

attempts could be made to analyse flow through a scaffold by introducing fluorescent 

particles into the flow and using optical coherence tomography (OCT). As discussed in 

the introduction, particle choice would be of the utmost importance in order for the 

particles to follow the flow faithfully. Problems that could arise using this method include 

the particles becoming attached to the scaffold and the need to redesign the bioreactor to 

provide a completely transparent structure as is needed for OCT.

In addition to the validation of the flow patterns input to the bioreactor system, another 

important aspect was validating that flow went through a scaffold placed in the scaffold 

chamber, rather than around it. This work was undertaken by Dr. Michael Jaasma. In 

order to verify that fluid perfused the scaffold, CG scaffolds were dyed in a 33% solution 

of red food colouring (Ponceau 4R, Sunset yellow) for ten minutes. Scaffolds were then 

placed into the scaffold chamber and exposed to steady, pulsatile or oscillatory flow. The 

peak flow rate used was 1 mL/min and the frequencies used were 0.5 and 1 Hz.
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Figure 2.10. CG scaffolds after 0-10 minutes of exposure to steady, pulsatile or
oscillatory flow.

Figure 2.10 shows the decrease in staining of the scaffolds that occurred as fluid passed 

through them in the bioreactor chamber. The dye washed out in quite a homogeneous 

manner from the steady and pulsatile flow groups, and the .scaffolds returned to their 

unstained colour after ten minutes of flow. In contrast, the dye was not washed off the 

scaffolds in the oscillatory group. This is because there is no net movement of fluid in 

oscillatory flow as the fluid volume returns to its initial position at the end of each cycle.

2.5 Conclusion

To summarise, a flow perfusion bioreactor has been validated for use with steady, 

pulsatile and oscillatory flow using LDF. Steady flow rates of 0.1-2 mL/min have been 

measured, as well as oscillatory and pulsatile flow rates of 0.5, 1 and 2 mL/min at 0.5,1 

and 2 Hz. The presence of the scaffold chamber and the position of the syringe used do 

not affect the flow profile and a program using 8 steps per pulse can be used to
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approximate a pulse with 29 steps with no adverse effects. Furthermore, it has been 

proved that fluid passes through the scaffold in the bioreactor rather than around it. Taken 

together, these results meet the two objectives in validating this apparatus: it has been 

ensured that perfusive flow occurs in the scaffold chamber and the flow profiles 

introduced to the system have been transferred to the scaffold chamber. Thus, the flow 

perfusion bioreactor has been satisfactorily validated and can be used to examine the 

effect of various flow profiles on cellular stimulation in a 3-D scaffold.
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3.1 Introduction

The use of fluid flow to stimulate osteoblasts has shown encouraging results. There are 

multiple variables that can be altered in an attempt to improve the mechanical 

environment in which cells are cultured, and thus improve the tissue engineering process. 

Flow profile, use of recovery period, and frequency and magnitude of stimulus all affect 

cellular stimulation.

Common to many attempts to stimulate bone cells is the phenomenon that they become 

accustomed to their mechanical environment and stop responding to it [126, 151]. The 

mechanosensitivity of bone cells can be restored by inserting recovery periods into the 

stimulation pattern. This enables their sensitivity to be restored and them to be further 

stimulated by the same magnitude of stimulus, once the rest period has elapsed. It has 

been found that splitting up stimulation of rat forelimbs into 4 bouts of loading with 3 

hour resting periods in between bouts, instead of 1 bout of loading all at once has led to 

increased bone formation [126]. In vivo, full mechanosensitivity has been shown to be 
restored with 4-8 hour long-term rest periods between bouts of stimulation and a higher 

bone formation rate results [24]. A short-term rest period between cycles of stimulation 

of 7-14 seconds exists in addition to the longer term rest period [24]. In the case of short

term recovery periods, rests of 5, 10 and 15 seconds have been used between bouts of 10 

seconds of oscillatory flow in 2-D in vitro. Significant increases in Ca^^ levels resulted 

from the use of 10 and 15 second rest periods, and osteopontin (OPN) mRNA levels 

increased with rest-inserted flow when compared to continuous flow [17]. It is known 

that Ca'^ levels increase seconds after the onset of stimulation [110, 134]. The addition 
of a short-term rest period after initial stimulation results in a greater magnitude of Ca^"^ 

response [17]. It is hypothesised that because the response begins during the rest period, 

the cellular mechanisms allowing Ca‘^ to be released are extended and result in a higher 

magnitude of response from the cell [17]. In the case of long-term recovery periods, 

instead of a rest period, the use of low magnitude steady flow may allow cells to regain 

their mechanosensitivity while still providing nutrients to them [18]. The combination of
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the two recovery periods (short- and long-term) might provide the best regime for bone 

cell stimulation in vitro.

Recent work in our laboratory using the flow perfusion bioreactor has involved 

examining the differential effects of oscillatory, pulsatile and steady flow in combination 

with a long-term rest period on cellular activity in collagen-glycosaminoglycan (CG) 

scaffolds [18], 1 hour of stimulation was used followed by 7 hours of low flow at 0.05 

mLVmin to act as a rest period. There were four flow groups. The first used Oscillatory 

flow at a peak flow rate of 1 mL/min and a frequency of 1 Hz, the second used Pulsatile 

flow at a peak flow rate of 1 mL/min and a frequency of 2 Hz and the third used Steady 

flow at 1 mL/min. The fourth group used a flow rate of 0.05 mL/min for the entire culture 

period and was termed the Low Flow group. The flow rates chosen were based on a study 

by Cartmell et al. [16]. A continuous flow rate of 1 mL/min was found to be detrimental 

to cell viability on demineralised trabecular bone constructs, while flow rates of 0.2 

mL/min enhanced Runx-2, alkaline phosphatase (ALP) and osteocalcin (OC) expression 

[16]. By incorporating a long-term rest period after 1 mL/min flow, the goal was to 

enhance expression of bone formation markers while enabling cell viability to be 
maintained. The use of 1 hour of stimulation was based on work showing that over 30 

minutes of flow was needed for the upregulation of bone formation markers such as 

osteopontin and bone sialoprotein [19], while the use of a 7 hour rest period was based on 

experimentation showing that a rest of 4-8 hours between loading bouts was osteogenic 

in vivo [24].

In the recent study in our laboratory, cell number was found to decrease significantly 

after 49 hours of bioreactor culture. Interestingly, decreases in cell number were the same 

for all flow groups, so the addition of a stimulation period with a flow rate up to 20 times 

higher than the low flow rate did not have any effect on cell number. However, gene 

expression using the low flow group was decreased compared to groups that involved 

stimulation. Cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) 

production were both lower on the low flow group. The benefits of the stimulation period 

were therefore two fold: it did not cause any additional cell loss while also increasing
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expression of bone formation markers. Differences between stimulation type used 

(oscillatory, pulsatile or steady flow) were marginal. Similar expression was found for 

COX-2, a smaller decrease in collagen-1 (COL-1) expression and a higher expression of 

OPN was found with steady flow. This is in contrast to what has been found in 2-D, 

where significant differences between these three flow types have been noted [134]. The 

study presented in this chapter follows on from this work, using the promising 

combination of steady flow with a long-term rest period but incorporating short-term rest 

periods of 5, 10 or 15 seconds into the stimulation period.

The genes analysed in the previous study were chosen in order to obtain a picture of the 

osteogenic effect of bioreactor culture. The earliest bone formation marker looked at was 

COX-2. COX-2 is upregulated minutes or hours after stimulation begins and is linked to 

PGE2 release which occurs at later times and can be measured hours to days after the 

onset of stimulation [152-156] and is associated with bone formation [118]. COL-1 

expression is at its highest during proliferation but is still expressed to a small extent 

upon mineralisation and is vital for extracellular matrix (ECM) formation [123]. OPN 

regulates bone cell attachment, osteoclast function and mineralisation [113] and is 

important in bone remodelling [23]. In addition to these bone formation markers, alkaline 

phosphatase (ALP) is an osteoblast phenotypic marker that is upregulated during 

maturation and is then downregulated just before mineralisation starts [123, 124].

Another vitally important parameter in bioreactor culture is the shear stress applied to 

cells due to flow. Using models of flow through bone, it is estimated that the stress 

experienced by osteocytes in bone tissue is 0.8-3 Pa, however there is no empirical 

evidence to support this [129]. In 2-D in vitro experiments, stresses applied that 

upregulate bone formation markers generally range from 0.25-6 Pa [19-23]. In 2-D 

experiments using parallel plate flow chambers, flow can be modelled quite simply as 

laminar flow and the mechanical stimulus applied to the cells is easily calculated. 

However, the shear stress environment is vastly different in a 3-D scaffold environment, 

and attempts to use pipe flow theory to examine shear over simplify the stresses applied 

to the cells. Using this bulk analysis approach, the only alteration from general equations
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for flow in a cylindrical pipe is the introduction of porosity into the equation for the mean 

flow velocity [1, 141]. A far better approach is to computationally model the flow 

through the scaffold and hence examine the distribution of shear stresses that occur 

throughout the scaffold [139, 157]. This method has been used in our laboratory by Dr. 

Christian Jungreuthmayer to examine the shear stresses occurring in a CG scaffold 

cultured in the flow perfusion bioreactor [157, 158]. A 3-D micro-computed tomography 

reconstruction of the CG scaffold was obtained from Scanco Medical AG (Switzerland), 

and computational fluid dynamic (CFD) simulations of random portions of the scaffold 

were made based on this reconstruction. A constant inlet velocity of 0.235 mm/s 

(corresponding to a flow rate of 1 mL/min used in the bioreactor) was used and standard 

CFD parameters of assuming laminar flow, an incompressible Newtonian fluid with a 

viscosity of 0.001 Pa s, a no-slip boundary condition and zero pressure outlet were used. 

This analysis showed an average fluid velocity in the scaffold of 0.296 mm/s, with a 
maximum velocity of 1.3 mm/s. The average shear stress was 19.4 mPa, but the stress 

ranged from 0-90 mPa (Figure 3.1).
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Figure 3.1 Fluid velocity distribution (above) and wall shear stress distribution (below) in 
a CG scaffold cultured under 1 mL/min flow in the flow perfusion bioreactor [157],

Using the bulk analysis equations, the average wall shear stress is 19 mPa, which is in 

very close agreement with the average stress obtained using the computational method. 

However, there is no distribution associated with the result in the bulk method and 

therefore vital information about the range of stresses the cells on the scaffold will 

experience is unobtainable. Similarly, when the bulk method is used to examine the 

stresses that cause cell death in a trabecular bone construct cultured in a flow perfusion 

bioreactor [16], an average value of 8 mPa is obtained. Using CFD, the average stress is 

57 mPa, which is far higher than the bulk method but is still far lower than the shear 

stresses usually used in 2-D experiments [139]. Following on from this work, and Dr. 

Jaasma’s work in our laboratory [18], the highest flow rate used in experimentation in the 

flow perfusion bioreactor in this study was 1 mL/min, corresponding to stress range of 0- 

90 mPa.
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To date, work on rest inserted loading has been done primarily in vivo or in 2-D in vitro. 

In one 3-D study, Vance et al. [141J used a calcium phosphate scaffold cultured under 

0.025 mL/min flow for 23.5 hours with a stimulation period of 30 mins of 40 mL/min 

flow. This higher flow rate corresponds to a wall shear stress of 1.2 Pa using the bulk 

analysis method, or a mean stress of 0.745 Pa with a peak of 3.1 Pa using CFD [157]. 

These stresses are 8-54 times higher than the stresses that caused a significant cell 

number decrease in the Jaasma et al. and Cartmell et al. studies, and caused a 49% drop 

in DNA content after 48 hours of bioreactor culture [141]. The long rest period used may 

have enabled cells to recover from the large stimulus used. However, cell attachment 

differs between the scaffold types, particularly due to pore size [157]. Cells may attach 

along struts in large-pored scaffolds, but across struts in smaller-pored scaffolds, thus 

altering the .shear stresses experienced by the cells hugely [157]. In vivo, rest-inserted 

loading remains to be optimised [159] and in vitro, further experiments are needed to 

examine the role of rest period duration [17].

3.1.2 Aim

In the context of bone tissue engineering, it is important to discover which loading 

regime stimulates cells to the greatest extent on a 3-D scaffold. The goal of this study was 

to use the flow perfusion bioreactor validated in Chapter 2 to stimulate cells on collagen- 

glycosaminoglycan (CG) scaffolds using both short-and long-term rest periods for 

periods up to 49 hours. Following on from earlier work in our laboratory and elsewhere, a 

long-term rest period of 7 hours was used. Stimulations periods of 1 hour of flow at 1 

mlVmin occurred after each long-term rest period. Short-term rest periods of 5, 10 or 15 

seconds were inserted between every 10 seconds of 1 mL/min steady flow during the 

stimulation period. The differential effects of the different short-term rest periods were 

analysed by looking at cell number, gene expression of cyclooxygenase-2 (COX-2), 

collagen-1 (COL-1), alkaline phosphatase (ALP) and osteopontin (OPN), production of 

prostaglandin E2 (PGE2) and cell distribution.

98



3.2 Materials and Methods

3.2.1 Scaffold fabrication

CG slurry was fabricated by blending fibrillar collagen (Integra, New Jersey, USA) with 

0.05 M acetic acid in a reaction vessel cooled to 4°C by a WK1250 cooling system 

(Lauda, Westbury, NY, USA) using an overhead blender (IKA Works Inc., Wilmington, 

NC). Chondroitin-6-sulphate sodium salt (Sigma-Aldrich Ireland, Dublin) in 0.05 M 

acetic acid was added to the blended collagen to complete the CG slurry.

Slurry was de-gassed under a vacuum to remove air bubbles. 67.25 mL of slurry was 

pipetted into a steel pan (12.7 cm by 12.7 cm) and placed in a freeze-dryer (VirTis Co., 

NY, USA). The slurry was frozen to -40°C at a cooling rate of -0.9°C/min and held at 

-40°C for one hour [31]. A low cooling rate such as this provides homogeneous ice 

crystal nucleation and therefore a homogeneous pore structure in CG scaffolds [31]. The 

pressure was then reduced to 200 mTorr and the ice sublimated off at a temperature of 

0°C over a 17 hour period. The temperature was then brought back up to room 

temperature and the scaffold removed from the freeze-dryer. Scaffolds were stored in 

aluminium foil in an airtight container.

Scaffolds were crosslinked using dehydrothermal (DHT) crosslinking. Scaffolds were put 

into a vacuum oven at 0.05 Bar for 24 hours at a temperature of 105°C. As well as 

strengthening the scaffolds, this treatment sterilises the scaffolds for use in cell culture. 

12.7 mm diameter CG scaffold samples were further crosslinked using ED AC 

crosslinking to increase the compressive modulus of the scaffolds and to decrease the 

percentage shrinkage of the scaffolds due to cellular action over time. EDAC crosslinking 

involved immersing the scaffolds in phosphate buffered saline (PBS, Sigma-Aldrich) and 

then in a mixture of EDC/NHS (14 mM N-(3-Dimethylaminopropyl)-N’- 

ethylcarbodiimide hydrochloride and 5.5 mM N-Hydroxysuccinimide in distilled water; 

Sigma-Aldrich) for two hours [150] . EDAC residue was subsequently washed off by
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placing the scaffolds in a container of phosphate buffered saline (PBS) on an orbital 

shaker for one hour, changing the PBS after 30 minutes. The protocol followed is in 

Appendix B.

3.2.2 Scaffold pre-culture

Scaffold samples were seeded with 2 million MC3T3-E1 pre-osteoblast cells. To enable 

cell infiltration, each scaffold was placed into a well of a six well plate and 1 million cells 

in 100 pL of media were seeded on one side of the scaffold. After incubation for 15 

minutes, scaffolds were turned over and a further 1 million cells were seeded. Again, 

after 15 minutes of incubation, wells were filled with 5 mL of media. Constructs were 

cultured in alpha-minimum es.sential medium supplemented with 2% 

penicillin/streptomycin, 1% L-glutamine, 10% foetal bovine serum and 0.1% 

amphotericin (Sigma-Aldrich Ireland, Dublin) for 6 days of pre-culture before insertion 

into the bioreactor to allow for cell attachment, infiltration and proliferation [18]. The 

scaffolds were kept in an incubator at 37°C and 5% CO2 and the medium was changed 

every 2-3 days during pre-culture.

3.2.3 Bioreactor culture

Four scaffold chambers were used for each experiment and each experiment was repeated 

at least twice, providing a minimum sample size of 8 per group. The scaffolds were 

stimulated with a flow pattern incorporating both short- and long-term rest periods for 1, 

25 or 49 hours. Short-term periods of no flow were incorporated into 1 hour bouts of 

stimulation. They were of duration: 0 (steady group), 5, 10 and 15 seconds and were 

inserted between bouts of 10 seconds of 1 mL/min flow. This hour of stimulation was 

followed by 7 hours of 0.05 mL/min flow acting as a long-term rest period. The 

stimulation patterns are illustrated below in Figure 3.2.
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Figure 3.2 Stimulation patterns used both short- and long-term rest periods. Short-tenn 
rests were of duration 0, 5, 10 or 15 seconds. Long-term rests were 7 hours in

duration.

Three different control groups were used to assess the effect of bioreactor culture on 

cellular activity. The first was a static control group, in which cell-seeded constructs 

were maintained in a six well plate in an incubator, as is normal when culturing 

constructs in our laboratory. The second was a bioreactor control, in which constructs 

were placed into the bioreactor and immediately removed. This group was used to 

examine the effect of the process of setting up the bioreactor on cellular activity. The 

term “bioreactor control” combines the knowledge that the group was used in the 

bioreactor, with the fact that it is a control group. The third control group was a timed 

control group. This group was left in the bioreactor for 1, 25 or 49 hours with the pump 

remaining off and therefore no fluid flowing. This group was a control to assess the 

impact of the absence of flow on cellular activity. The reason for naming it “timed 

control” was that the group was kept in the bioreactor for the same length of time as the 

flow groups, yet it was also a control to assess the impact of bioreactor culture without 

flow on cellular activity. A synopsis of all the groups used is shown in Table 3.1. After
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the culture period, constructs were removed from static or bioreactor culture and either 

flash frozen or fixed in formalin. Samples of media were also flash frozen.

In bioreactor? Flow? Short-term
Rest-insertion?

Long-term
Rest-
insertion?

Length of
culture
(hours)

Bioreactor
control

Yes No 0

Timed control Yes No 1,25,49
Static No No 1,25,49
Steady Yes Yes No Yes 1,25,49
5 second Yes Yes Yes, 5 seconds Yes 1,25,49
10 second Yes Yes Yes, 10 seconds Yes 1,25,49
15 second Yes Yes Yes, 15 second Yes 1,25,49
Table 3.1 Groups used during experiment. “Length of culture” is timed from the end of

the pre-culture period.

3.2.4 Cell number quantification

Cell number on the constructs was quantified using Hoechst 33258. This is a fluorescent 

dye that bonds to double stranded DNA. Once the amount of DNA per cell has been 

quantified, the assay can be used to quantify cell number via the fluorescence of the 

sample. Constructs were digested and homogenised using lysis buffer from the RNA 

quantification kit (see below, 3.2.5 Gene expres.sion) and 30 pL of the digested scaffolds 

were mixed with 600 pL of a working dye solution made up of Tris, Na2EDTA, NaCl, 

distilled water and Hoechst dye solution (Sigma-Aldrich, Germany). 210 pL of this 

mixture was pipetted into the wells of a 96 well plate, providing triplicates of all 

readings. The fluorescence of the samples was measured at 460 nm after excitation at 355 

nm in the Wallac Victor'™ 1420 multilabel counter (Perkin Elmer Life Sciences, 

Finland). Fluorescence readings were compared to a standard curve to give cell number. 

The protocol followed is in Appendix B.
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3.2.5 Gene expression

Real time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) was used to look 

at gene expression. mRNA was extracted from the cells, converted to DNA using a 

reverse transcriptase process, amplified using a polymerase chain reaction and then target 

genes were measured at each amplification step. RNA was extracted using a Rneasy mini 

kit (Qiagen, USA) and quantified by absorbance at 260 nm (GeneQuant Pro RNA/DNA 

calculator, Biochrom Ltd., UK). 400 ng of RNA per sample was used for reverse 

transcription (Quantitect RT kit, Qiagen) using a Peltier Thermal Cycler 200 (MJ 

Re.search, MA, USA). Realtime PCR was then carried out (7500 Real-Time PCR System, 

Applied Biosystems, CA, USA). The QuantiTect SYBR Green PCR Kit (Qiagen) was 

used, according to the manufacturer’s instructions, with QuantiTect Primers (designed by 

Qiagen). The protocols used for this process are in Appendix B. Results were quantified 

for cyclooxygenase-2 (COX-2), collagen 1 (COL-1), osteopontin (OPN) and alkaline 

phosphatase (ALP) via relative quantification (AACt method) using 18-S rRNA as the 

endogenous reference. COX-2 is involved in the synthesis of PGE2 and can therefore be 

analysed as a very early bone formation marker. COL-1 is expressed by osteoblasts 

during proliferation and is fundamental to the production of extracellular matrix (ECM). 

ALP and OPN are both osteoblast phenotypic markers and are expressed as the ECM 

matures and mineralises [123]. For each gene, results are expressed relative to the 

bioreactor control group. All PCR reactions were conducted in triplicate for each sample.

3.2.6 Prostaglandin E2 concentration

Media samples obtained from the four flow loops in the bioreactor and from the 6 well 

plate for the static group were analysed to look at prostaglandin Et (PGEi) concentration. 

PGE2 is thought to have a role in bone formation and its release is linked closely to COX- 

2 upregulation [25, 118]. A PGE2 enzyme immunoassay was used (Cayman Chemicals, 

Michigan, USA). Samples were diluted with non-cultured media at a ratio of 2 parts 

media to 1 part sample for 25 hour samples and 4 parts media to 1 part sample for 49
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hour samples. 1 hour samples were not analysed as expression of PGE2 has not generally 

been found to increase after such a short stimulation period [152-156]. A standard curve 

was run with each plate using PGE2 standards. After incubation and development, plates 

were read at 405 nm absorbance using a Wallac Victor”’’'' 1420 multilabel counter (Perkin 

Elmer Life Sciences, Finland). A sample size of 6 was used. The protocol followed is in 

Appendix B.

3.2.7 Histology

Scaffolds were fixed in formalin, processed in a tissue processor (ASP300, Leica 

Microsystems, Germany), embedded in wax either longitudinally or transversely (Leica 

Microsystems, Germany) and sectioned on a microtome (RM2255, Leica Microsystems, 

Germany) at 10 pm. Wax was removed from the sections in a xylene bath and sections 

were hydrated to water in a series of ethanol baths. Sections were stained in 

haematoxylin for 5 minutes and in 0.5% eosin for 3 minutes to examine cell distribution. 

Sections were then dehydrated and DPX mountant used to attach cover slips to the slides. 

Haematoxylin stains the nuclei of the cells a dark purple and eosin stains the scaffold 

pink. Digital images of all stained sections were obtained using an imaging system 

(Analysis, Olympus, Japan) in conjunction with a microscope (Olympus 1X51, 

Olympus, Japan).

3.2.8 Statistical analysis

Statistics were done in Minitab 15, using a general linear model ANOVA with the Tukey 

test as the post-hoc test. General linear model ANOVA is precisely the same as 1 way 

ANOVA when 1 factor is used and as 2 way ANOVA when 2 factors are used in the 

model. Its strength lies in that it can be extended to examine the effect of multiple factors 

on the data, all in one statistical test. The Tukey test is a conservative test used for 

examining differences within groups once an overall significant effect of a factor has 

been pinpointed by ANOVA. Non-normal data was normalised using logarithmic or
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square root transforms so that the conditions of the statistical test were met. Statistical 

significance was taken at p<0.05.
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3.3 Results

In bioreactor? Flow? Short-term
Rest-insertion?

Long-term
Rest-
insertion?

Length of
culture
(hours)

Bioreactor
control

Yes No 0

Timed control Yes No 1,25,49
Static No No 1,25,49
Steady Yes Yes No Yes 1,25,49
5 second Yes Yes Yes, 5 seconds Yes 1,25,49
10 second Yes Yes Yes, 10 seconds Yes 1,25,49
15 second Yes Yes Yes, 15 second Yes 1,25,49
Table 3.1 Groups used during experiment. “Length of culture” is timed from the end of

the pre-culture period.

3.3.1 Cell number

The DNA assay showed that there were significantly more cells on the static and timed 

control groups than on any flow group (p<0.0034, Figure 3.3). Despite the reduction in 

cell number due to flow, there were still substantial numbers of cells (over 1 million 

cells) on scaffolds in all flow group after 49 hours of bioreactor culture. Cell number 

decreased over time due to flow, with a significant reduction in cell number on flow 

group constructs after 49 hours (1 hour v 49 hour, p=0.0026). There was no effect of 

short-term rest-insertion on cell number over the culture period (steady v rest-inserted 

groups, p>0.9536).
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Figure 3.3 Cell number per group (n=4, error bars represent standard deviations). All 
flow groups had significantly fewer cells than timed control and static groups after the 
culture period. * represents p<0.0034. There was a significant decrease in cell number 

on flow group constructs over time (1 hour v 49 hour, p=0.0026), not shown on the 
graph for clarity. The purple line shows the initial seeding density of 2 million cells

107



3.3.2 Gene expression

Data using real time RT-PCR was found to be skewed so all data was transformed with 

an appropriate function to enable compliance with normality and equal variance criteria 

[160], Skewed data does not follow a normal distribution and must be normalised in 

order for it to comply with the criteria of a statistical test. The distribution is not 

symmetrical, but is termed “heavy tailed”. To normalise such a distribution, generally a 

logarithmic transform can be used which enables the data to comply with the criteria for 

the test. In all cases, the bioreactor control group was taken as the base level and scaled to 

1. The increase or decrease in gene expression was then calculated as a fold change 

compared to the bioreactor control group. Gene expression of COX-2 was found to 

increase significantly in all flow groups and in the timed control over the static control 

(p<0.00005. Figure 3.4). The static control also had significantly higher expression of 

COL-1 over every other group (p<0.0262. Figure 3.5). Expression decreases over time on 

the timed eontrol and flow groups (1 hour v 49 hour, p=0.00005) but appears to level off 

as the later time points are reached, as there was no change in expression from 25 to 49 
hours (p=0.5919). ALP levels were highest for the static group. Expression was not 

changed due to 1 hour of flow, but 25 and 49 hours of flow or presence in the bioreactor 

decreased expression of ALP (p<0.0001). All groups, apart from the 5 second group, had 

significantly lower expression of ALP than the static group (p<0.0156. Figure 3.6). OPN 

levels were significantly higher for the 5 second rest-inserted group than the static control 

(p=0.0074. Figure 3.7), with expression increasing over time (1 hour v 49 hour, 

p=0.0013).
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Figure 3.4 COX-2 expression. n=6, error bars represent standard deviations. All groups 
are scaled to the bioreactor control group. * denotes p<0.00005. All groups showed 

significantly higher expression than the static group.
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Figure 3.5 COL-1 expression. n=6, error bars represent standard deviations. All groups 
are scaled to the bioreactor control group. * denotes p<0.0262. All groups showed 

significantly lower expression than the static group. Expression decreased over time 
on the timed control and flow groups (1 hour v 49 hour, p=0.00005, not shown on the

graph for clarity).

109



8
7

6
5

£ 4

^ rz \

timed
control

r

illLL
static steady 5 second 10 15

second second

11 hour 
125 hour 
149 hour

Figure 3.6 ALP expres,sion. n=6, error bars represent standard deviations All groups are 
scaled to the bioreactor control group. * denotes p<0.0156. The static group exhibited 

higher expression than all other groups, apart from the 5 second rest-inserted group. 25 
and 49 hours of flow or presence in the bioreactor decreased expression of ALP

(p<0.000l).
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Figure 3.7 OPN expression. n=6, error bars represent standard deviations. All groups are 
scaled to the bioreactor control group. * denotes p=0.0074. The 5 second rest-inserted 

group showed significantly higher expression than the static group.
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3.3.3 Prostaglandin E2 concentration

PGE2 expression was examined at 25 and 49 hours. It was found that production of PGE2 

was increased on all flow groups compared to the static control (p<0.0017. Figure 3.8). 

Flow groups showed a 9-14 fold increase in PGE2 expression at 49 days compared to the 

static group. PGE2 expression also increased significantly over time (25 v 49 hour, 

p=0.0138).
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Figure 3.8 PGE2 production increased significantly due to bioreactor culture (p<0.0017). 
n=6, error bars represent standard deviations PGE2 expression also increased 

significantly over time (25 v 49 hour, p=0.0138).

3.3.4 Histology

H&E staining of the scaffolds revealed that there were more cells on the periphery of 

static constructs than on constructs exposed to flow (Figures 3.9, 3.10, 3.11 and 3.12). 

This was the case after both 25 and 49 hours of flow in the bioreactor. There appeared to 

be a better distribution of cells throughout constructs that had been exposed to flow, 

while cells appeared to line the periphery of static group constructs with few or no cells 

in the centre of these constructs. This encapsulation effect was lessened on timed control
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group constructs, demonstrating that the process of placing scaffolds into the bioreactor 

may disturb cells on the periphery.
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Figure 3.9. H&E stained slices of scaffold after 25 hours in culture. Cell nuclei are 
stained purple, scaffold is stained pink. All longitudinal sections at a depth of 430- 
470pm from the centre of the scaffold. Images on left have scale bars of 1000pm. 

Images on right have scale bars of 500pm. Green arrows show areas of cellular 
infiltration, which was seen in all flow groups.
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Figure 3.10. H&E stained slices of scaffold after 25 hours in culture. Cell nuclei are 
stained purple, scaffold is stained pink. All longitudinal sections at a depth of 430- 
470pm from the centre of the scaffold. Images on left have scale bars of 1000pm. 

Images on right have scale bars of 500pm. Green arrows show areas of cellular 
infiltration, blue arrows show areas of encapsulation.
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Figure 3.11. H&E stained slices of scaffold after 49 hours in culture. 5 second group is 
representative of rest-inserted groups. All transverse sections at a depth of 1000- 

2000pm in scaffold. Scale bars are 1000 pm in images on left, 500pm in images on 
right. A trend for better infiltration was seen in the flow groups. Green arrows show

areas of cellular infiltration.
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Figure 3.12. H&E stained slices of scaffold after 49 hours in culture. Scale bars are 500 
|jm on left and 200 |am on right. All transverse sections at a depth of 1000-2000pm in 
scaffold. Some encapsulation was in evidence in the static group. The timed control 

group also showed good infiltration and diminished encapsulation. Blue arrows show
areas of encapsulation.
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3.4 Discussion

The goal of this study was to use the flow perfusion bioreactor validated in Chapter 2 to 

stimulate cells on collagen-glycosaminoglycan (CG) scaffolds using both short-and long

term rest periods for culture periods up to 49 hours. Following on from promising work 

done in our laboratory and elsewhere, a long-term rest period of 7 hours was used and 

short-term rest periods of 5, 10 or 15 seconds between every 10 seconds of 1 mL/min 

steady flow. Bioreactor culture was found to decrease cell number but to upregulate some 

of the bone formation markers analysed. The distribution of cells on the constructs after 

bioreactor culture was improved compared to constructs cultured in static culture, which 

is a promising result.

Upon examining cell number, it was found that there were significantly more cells on 

static group and timed control group (where scaffolds were placed into the bioreactor but 

did not experience flow) constructs than on flow group scaffolds after 49 hours of 

bioreactor culture. This decrease in cell number due to bioreactor culture has been noted 

in other studies [16, 141 ]. An explanation may be that the shear stress exerted on the cells 

by the flow has caused some of them to become detached from the scaffolds. It is worth 

noting that despite the significant decrease in cell number due to flow, there are still a 

large number of cells (over 1 million) on the contructs after the 49 hour culture period. 

Cell number does not decrease significantly from 25 to 49 hours (p=0.1837), so the 

reduction in cell number due to bioreactor culture may be beginning to plateau by 49 

hours. Further experimentation at longer culture times is necessary to elucidate whether 

this is the case.

Significant changes in gene expression of genes associated with bone formation due to 

the different flow types were noted. Cyclooxygenase-2 (COX-2) levels were higher for 

all bioreactor groups compared to the static control, particularly after just one hour of 

bioreactor culture. COX-2 is vital for the production of prostaglandin E2 (PGE2) [161] 

and indeed, this increase in COX-2 expression resulted in higher PGE2 production in all 

flow groups over the static control at both 25 and 49 hours. PGE2 is involved in
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osteoblast differentiation [162] and may be linked to osteocalcin expression [155J. In 2-D 

studies, it has been found that PGE2 release is similar for continuous and short-term rest- 

inserted loading, a finding which is similar in 3-D in this case [17],

Collagen-1 (COL-1) expression decreased on all bioreactor groups compared to the static 

control. COL-1 is expressed during proliferation in 2-D culture, is then gradually 

downregulated but is expressed at low levels throughout osteoblast differentiation and 

maturation [123]. After 1 hour of bioreactor culture, expression of COL-1 remained 

constant across all groups, but by 49 hours, all bioreactor groups had significantly lower 

expression of COL-1 than the static group. This may be because bioreactor culture down 

regulates expression of this gene, or it may be that culture in the bioreactor accelerates 

osteoblast maturation in which ca.se it would be expected for COL-1 expression to 

decrease.

With the exception of the 5 second rest-inserted group, alkaline phosphatase (ALP) 

expression was lower for all bioreactor groups than for the static control. After 1 hour of 

bioreactor culture, no effect on ALP expression is seen due to flow, however there is a 

decrease in expression in the timed control group at this early time point. 25 and 49 hour 

culture periods result in ALP down regulation in timed control groups and flow groups. 

In 2-D culture, ALP expression generally increases after the proliferation phase has 

ended, meaning that expression begins to increase after 7 days and peaks at 21 days 

[123]. Including the 6 day pre-culture, constructs were in culture for a maximum of 8 

days during this experiment, and therefore it may be the case that the time points 

analysed were too early to demonstrate increases in ALP expression due to flow. 

Alternatively, it may be the case that proliferation has been stopped due to bioreactor 

culture (which is supported by the cell number quantification) and ALP expression 

decreases because the proliferative phase is now over. While enhanced ALP activity 

suggests enhanced osteoblastic function [1], ALP expression is downregulated just before 

mineralisation occurs [124], so a decrease in expression may indicate the onset of 

mineralisation.
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Osteopontin (OPN) expression was higher on the 5 second rest-inserted group than on the 

static group. This was the only significant change noted for this gene, although a trend for 

higher OPN values was seen on all bioreactor cultured groups by 49 hours. This increase 

in OPN levels has also been found using rest-inserted flow in 2-D culture [17]. OPN is 

thought to be a late stage marker in the mechanotransduction cascade. It regulates bone 

cell attachment, osteoclast function and mineralisation [113] and is important in bone 

remodelling [23]. Taken together, increased COX-2, PGE2 and OPN expression coupled 

with decreased COL-1 expression may indicate that bioreactor culture has enhanced 

expression of post-proliferative genes at the expense of those found during proliferation. 

In addition, it is worth noting that increased OPN expression coupled with decreased 

ALP expression has been linked with a decrease in mineralisation in MC3T3-E1 cultures 

[163]. This points to the need to strike a balance between OPN upregulation and ALP 

downregulation. The 5 second rest-inserted group is the only group showing a significant 

increase in OPN expression, coupled with a non-significant decrease in ALP expression. 

This makes this group an obvious choice for further experimentation at longer time 

points.

Cell distribution was found to be more homogeneous on flow groups than on the static 

control group. The static control group exhibited a line of cells on the periphery of the 

scaffolds. As cells proliferate in static culture, they block off the pores of the scaffold and 

decrease diffusion of nutrients to and waste removal from the centre of the scaffold. This 

leads to an inhomogeneous tissue-engineered construct, with cells residing predominantly 

on the periphery. After 25 and 49 days, while some infiltration of cells into the scaffolds 

is still evident due to the seeding method used, a confluent line of cells on the edge of the 

scaffolds can be seen in the static control group, which may inhibit the future survival of 

the cells situated on the interior of the construct. In the timed control group, at both 25 

and 49 hours, this encapsulation effect is no longer in evidence, demonstrating that cells 

on the periphery of the scaffolds are disturbed by placing the constructs into the 

bioreactor. This lack of an edge effect delivers a more homogeneous construct, but cell 

infiltration is not as good as with the flow groups, which all demonstrate a similar 

dispersion of cells throughout the scaffolds. Flow has increased nutrient delivery to the
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centre of the constructs and has enabled cells to attach there. Cell motility depends on the 

substrate to which they are attached but on collagen-modified polyacrylamide hydrogel 

substrates in 2-D, cells can move 0.36-0.58 mm/day [164]. It would therefore be possible 

for cells to migrate towards the centre of the scaffolds over a 25 or 49 hour culture 

period, once nutrient and waste exchange had been improved there. It may also be the 

case that cells that become detached from the surface of the scaffold are washed towards 

the centre and reattach there. The cells remaining on the scaffold are well distributed, 

with predominantly those attached to the periphery of the scaffold being washed off, so 

the decrease in cell number seen under bioreactor culture may actually be of benefit to 

tissue development. By removing cells clustered on the periphery and increasing cell 

viability in the centre of the scaffold, a more homogeneous scaffold should develop.

In the timed control group, constructs were placed into the bioreactor for 1, 25 or 49 

hours but the pump was not turned on and there was no stimulus due to flow in this 

group. The reason behind using this group was to attempt to assess the impact of 

culturing constructs statically in the bioreactor environment. Any difference due to flow 

in the bioreactor could then be seen as a difference between the flow group and this timed 

control group. It was thought that gene expression would be similar to the static group, 

since the only difference was that the timed control group was cultured in .scaffold 

chambers while the static group was cultured in 6 well plates. However, there were other 

important differences that may have resulted in the differences seen between the timed 

control and static groups. Firstly, the constructs were cultured in a much smaller volume 

of media in the timed control group than in the static group. Only roughly 1 mL of media 

is present in the scaffold chamber and if diffusion is the only method by which nutrient 

delivery and waste removal can occur, the environment may become toxic much earlier 

than would be the case in static culture where there is five times more media. Secondly, 

due to its design, the scaffolds are under roughly 10% compression in the bioreactor, 

which may inhibit cell growth and further impede nutrient and waste exchange. The 

combination of these differences between timed control and static culture results in a lack 

of proliferation of cells on timed control constructs and an elimination of the 

encapsulation effect seen in the distribution of static group constructs.
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It should be noted that the bioreactor system is not a looped system but a linear one. This 

means that once the syringe has been emptied, the flow direction must be changed in 

order for flow to continue. During the 1 hour stimulation periods, the flow direction was 

changed every 15 minutes and during the low flow long-term rest period, flow direction 

changed every 3.5 hours. These changes in flow direction may have an effect on cellular 

activity and cell distribution. While neither effect can be isolated, effects on distribution 

may be beneficial as scaffolds are perfused in both directions, so there is no net stimulus 

encouraging movement of cells in one direction.

Another caveat to this work is that apoptosis analysis was not performed. By looking at 

the apoptosis suppressor gene BCL-2 and the pro-apoptotic gene BAX, information could 

be gleaned as to whether the bioreactor environment was having a detrimental impact on 

the cells cultured in it. It might also be possible to attempt to elucidate if the presence of 

necrotic cells in the culture medium was having any effect on the viable cells on the 

scaffold. The amount of DNA remaining in the bioreactor after the constructs were 

removed was not analysed, although an unsuccessful attempt was made by Dr. Michael 

Jaasma to examine cell number in the medium after culture in the bioreactor. To look into 

this issue further, the scaffold chamber, valves and tubing could be examined for 

evidence of cellular attachment and the number of cells attached could be quantified. In 

the future, probes such as oxygen and pH probes could be used in conjunction with the 

bioreactor to examine the condition of the medium over time. Continuous probing is 

possible, or samples of medium could be analysed at discrete time points to check waste 

and nutrient levels in the medium.

3.5 Conclusion

To summarise, the bioreactor has been used to examine the effect of flow patterns with 

short- and long-term rest periods on cellular activity. Cell number is decreased by flow 

but scaffolds still retain over 50% of the amount initially seeded onto them after 

bioreactor culture. COX-2 and PGE2 expression increase, while COL-1 expression 

decreases due to bioreactor culture. The gene expression for ALP and OPN is more
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complicated, with ALP being downregulated on all groups apart from the 5 second res- 

inserted group, and OPN being upregulated significantly on the 5 second rest-inserted 

group. Taken together, these results may point to the 5 second rest-inserted group as 

being the most stimulatory group. Flow perfusion of scaffolds in the bioreactor provides a 

better distribution of cells throughout the scaffold, which is promising for the 

development of homogeneous bone graft substitutes.
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4.1 Introduction

Composite materials are heterogeneous materials made up of two or more phases. The 

objectives in combining their constituent parts are to optimise the performance of the 

material and to achieve a good balance of material properties. In engineering 

applications, composites are generally composed of a matrix material and a reinforcing 

material. The reinforcing material is stiffer and stronger than the surrounding matrix and 

it can be of a fibrous or particulate nature. This study focuses on developing a composite 

scaffold for bone regeneration fabricated from the two major constituents of bone, the 

natural polymer collagen and the ceramic HA.

The properties that make ceramics attractive for use as biomaterials (particularly in hard 

tissue applications) are their chemical inertness and their high compressive strength. 

Dense HA has been found to be biocompatible [53] and porous HA can be remodelled, 

albeit slowly, in the body [54]. HA is osteoconductive [59], and importantly, both in 

combination with P-TCP, and on its own, has been found to be osteoinductive [60-62]. 

Osteoinductive materials support the induction of mitosis of mesenchymal cells to fonn 

osteoprogenitor cells that can form new bone and they induce new bone formation even 

in non-osseous areas [30]. The drawbacks of HA are that it is brittle, has poor tensile 

properties and can be difficult to fabricate.

In contrast, collagen has good flexibility but poor compressive strength. Collagen is 

biocompatible and biodegradable. Recent research has focussed on the use of collagen as 

a scaffold for tissue engineering. Cells attach, proliferate and form matrix on porous 

collagen scaffolds, confirming collagen as a promising scaffold material [73, 74]. In an 

in vivo study using mice, scaffolds made of collagen showed a much better cellular 

response than porous ceramic scaffolds or titanium scaffolds, with a well organised ECM 

and capillary ingrowth by 12 weeks [55]. Similarly, when ceramic materials were coated 

in collagen, cell proliferation increased over non-coated controls [75].

In our laboratory, lyophilisation has been used successfully to develop numerous 

composite scaffolds, including collagen-glycosaminoglycan scaffolds [81, 165] and
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collagen-calcium phosphate scaffolds [166]. Lyophilisation is a highly controllable 

fabrication method [31] that can provide the highly porous scaffolds necessary for tissue 

engineering [36, 37]. Research into the used of this scaffold for bone tissue engineering 

has provided information on the optimum crosslinking that strengthens the scaffold while 

having no biocompatibility issues [106], on the optimum pore size for cell culture of 

osteoblasts [79] and on the optimum ratio of collagen:gylcosaminoglycan for bone tissue 

engineering [165]. Use of this knowledge and these techniques is highly applicable in 

developing a collagen-HA scaffold. While collagen-HA scaffolds have been fabricated 

via critical point drying previously [88], they were of lower porosity than the CG 

scaffolds fabricated in our laboratory [167] and controlled freezing rates were not used, 

which results in inhomogeneous pore sizes [31].

In this study, it is proposed to use collagen and HA in order to form a scaffold for tissue 

engineering. The proposed fabrication technique is via lyophilisation, which delivers the 

ability to fabricate highly porous .scaffolds with controllable architecture. A scaffold 

made of biocompatible material with non-toxic degradation products that is highly porous 

to allow cell infdtration may present advantageous properties for tissue engineering. 

While emphasis has been placed in the past on mechanical strength, this may not be as 

vital a component as these other factors - a balance between mechanical strength and 

porosity may have to be struck. In this study, the major constituents of bone, collagen and 

hydroxyapatite, are incorporated together in order to form a scaffold for bone tissue 

engineering. Scaffolds are presented that combine the osteoinductive ceramic HA with 

the highly biocompatible natural polymer collagen, in order to form a composite scaffold 

and get one step closer to developing the optimum scaffold for bone tissue engineering.

4.1.1 Aim

The objective of this study was to fabricate a range of composite scaffolds of collagen 

and HA using a lyophilisation process. The ratio of collagen to HA was altered to provide 

a number of composites with varying amounts of ceramic present. The effect of HA 

content on porosity, mechanical properties and permeability was examined. Fourier 

transform infrared spectroscopy was used to examine the effect of the scaffold fabrication
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process on the components of the scaffolds. Microcomputed tomography was used to 

analyse the 3-D pore architecture of the scaffolds.
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4.2 Materials and methods

4.2.1 Collagen-HA slurry fabrication

Slurries of collagen were obtained by blending fibrillar collagen (Collagen Matrix, New 

Jersey, USA) with acetic acid in a reaction vessel cooled to 4°C by a WK1250 cooling 

system (Lauda, Westbury, NY, USA) using an overhead blender (IKA Works Inc., 

Wilmington, NC). HA particles with a mean size of 5 pm (Plasma Biotal Limited, North 

Derbyshire, UK) were dispersed in acetic acid. The composite slurry was made by slowly 

blending this HA suspension into the collagen slurry. In preliminary experimentation it 

was found that too low an acid concentration resulted in the collagen and HA bonding 

tightly together in clumps of composite that would not disperse into the acid. The 

molarity of acid used for control collagen-only scaffolds was 0.05 M (as is used in the 

collagen-glycosaminoglycan slurry) but the acid concentration used was increased to 0.5 

M in all the collagen-HA (CHA) slurries to enable the ceramic to disperse properly. The 

same amount of collagen was used in all ca.ses: 3.6g in 360 mL. The amount of HA used 

was varied as a weight percentage of the collagen present, with the collagen-only slurry 

having no HA present, the 50 wt% HA slurry having L8g added, the 100 wt % HA slurry 

having 3.6g added and the 200 wt % HA slurry having 7.2g added.

Blender

Collagen
slurry

control collagen- 
only

collagen:HA :
2;1 = 50 wt%
HA

1:1 = 100 wt%
HA

1:2 = 200 wt% HA

Figure 4.1 Schematic of the collagen-HA slurry fabrication process. A collagen slurry is 
made and then the required amount of HA is added to this slurry to form one of four 

different slurry types: collagen-only, 50 wt% HA, 100 wt% HA or 200 wt% HA
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4.2.2 Collagen-HA scaffold fabrication

Slurries were de-gassed under a vacuum to remove air bubbles. 67.25 mL of slurry was 

pipetted into a steel pan (12.7 cm by 12.7 cm) and placed in a freeze-dryer (VirTis Co., 

NY, USA). The slurry was frozen to -40°C at a cooling rate of -0.9°C/min and held at 

-40°C for one hour [31]. A low cooling rate such as this provides homogeneous ice 

crystal nucleation and therefore a homogeneous pore structure in collagen- 

glycosaminoglycan (CG) scaffolds [31]. The pressure was then reduced to 200 mTorr and 

the ice sublimated off at a temperature of 0°C over a 17 hour period. The temperature 

was then brought back up to room temperature and the scaffold removed from the freeze- 

dryer. Collagen-HA (CHA) scaffolds were stored in aluminium foil in an airtight 

container.

4.2.3 Crossiinking

Crosslinking methods used were similar to those previously described in Chapter 3. 

Briefly, scaffolds were dehydrothermal (DHT) crosslinked at 120°C, 0.05 Bar for 24 

hours. 12.7 mm diameter CHA scaffold samples were further crosslinked using EDAC 
crosslinking.

4.2.4 Scaffold composition

Fourier transform infrared (FTIR) spectroscopy was used to examine the effect of slurry 

and scaffold production on the constituent materials of the scaffolds. In FTIR infrared 

radiation is emitted from a source. A beam splitter splits it into two beams. The two 

resulting beams are reflected off a movable mirror and an immovable one, both beams 

are recombined and directed through the sample being tested onto a detector. As the 

movable mirror is moved, an interferogram is produced and a Fourier transform is used to 

mathematically manipulate it and provide a spectrum from it [168]. Every material tested 

using FTIR exhibits a characteristic spectrum, so it is a powerful tool for material 

analysis.
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0.00 Ig scaffold samples were ground with 0.211 g potassium bromide using a pestle and 

mortar. The powder was placed in a mold and compressed in a press using 10 tonnes to 

form a specimen disc. The specimen was placed into the Bruker Tensor 27 FTIR machine 

(Nicolet Instruments, USA) and spectra obtained. The spectra of the four scaffold types, 

as well as the collagen and HA they were made from were obtained. Spectra were 

obtained at a resolution of 4 cm ' from 4000 to 400 cm '.

4.2.5 Scaffold porosity

12.7 mm diameter samples of the scaffolds were cut from the scaffold sheets using a 

hollow punch. The mass of the samples was obtained using a mass balance (Mettler 

Toledo, Germany). The scaffolds were photographed in plan and elevation views in the 

same frame as a .scale (Fujifilm, Japan) (see Figure 4.2). The dimensions of the scaffolds 

were obtained using Image J software by setting the scale with the scale bar in the 

photographs. The dimensions were then used to obtain the volume of the samples. The 

mass and volume of the samples were used to obtain the density of the samples. The 

porosity was calculated using the following equation:

Porosity - ■ x 100
P material

where is the density of the sample and is the density of the material the

scaffold is made from. In the case of the composite scaffolds analysed here, 

worked out based on the densities of collagen and HA as follows:

IS

P material
f^colla>ten+fnHA

V +v* collagen ^ HA

where >n^„iia^en the mass of collagen present in the slurry, m^^is the mass of HA 

present in the slurry, is the volume of collagen present in the slurry and is the

volume of HA present in the slurry.
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Figure 4.2: Photographs of scaffolds with vernier callipers opened to 2mm in frame. 
Elevation view is on the left and plan view is on the right.

4.2.6 Scaffold permeability

A permeability rig was designed and fabricated (see Appendix C for more detail). The rig 

is shown in Figure 4.3. Briefly, it consists of two PMMA threaded regions (Upper and 
Lower screw in Figure 4.2) which screw into a Tecamid body. The silicone tubing 

coming from the upper part of the rig was attached to a tank of water with a tap to turn 

the flow on or off. The scaffold is inserted between the upper and lower screws and wire 

mesh. A beaker was placed below the rig to collect water flowing through the scaffold in 

the chamber. The height of water in the tank was 15 cm above the scaffold and the water 

was allowed to flow for 5 minutes before the volume of the water collected in the beaker 

was measured. This was used to calculate the volume flow rate through the scaffold 

which was subsequently used to calculate the permeability from:

k=S!L
AP

where k is the hydraulic permeability in m'^! Ns, Q is the volume flow rate in / s , 

h is the height of the scaffold, A is the cross sectional area of the flow path and P is the 

pressure of the column of water, given by:

P = pgK

where p is the density of water, g is the acceleration due to gravity and h^. is the height 

of the water column used.
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Attaches to water tank here

Upper Screw

Body

Lower Screw

Figure 4.3 Exploded view of permeability rig (with thanks to Nicole Fisher for diagram)

4.2.7 Scaffold mechanical properties

Compression testing of EDAC crosslinked scaffolds was carried out using a Zwick Z050 

mechanical testing machine with a 5 N load cell (Zwick Testing Machines Ltd., 

Herefordshire, UK). 12.7 mm diameter scaffold samples were tested while submerged in 

a bath of PBS. A pre-load of 5% strain was applied before each full test of 10% strain. 

The resulting load/displacement curves obtained from the Testxpert software (Zwick 

Testing Machines Ltd., Herefordshire, UK) were analysed using Microsoft Excel to 

procure stress/strain curves and the Young’s modulus was taken as the slope of the line 

between 2 and 5% strain [81].

4.2.8 Scaffold architecture

Microcomputed tomography (microCT) was used to obtain 3-D reconstructions of the 

composite scaffolds, with a view to examining the porosity and pore size (mCT-40, 

Scanco, Bassersdorf, Switzerland). Samples were divided into 208 slices during the
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imaging process and each slice was scanned 10 times. This provides 208 two- 

dimensional images of the scaffold which were used to reconstruct a three-dimensional 

image of the scaffold. The highest energy and current levels available on the machine 

were used, namely an energy level of 70 kVp and a current of 114 pA. The resolution 

was 9 pm. The highest threshold used was 12.

4.2.9 Statistical analysis

Statistics were done in Minitab 15, using a general linear model ANOVA with the Tukey 

test as the post-hoc test. General linear model ANOVA is precisely the same as 1 way 

ANOVA when 1 factor is used and as 2 way ANOVA when 2 factors are used in the 

model. Its strength lies in that it can be extended to examine the effect of multiple factors 

on the data, all in one statistical test. The Tukey test is a conservative test used for 

examining differences within groups once an overall significant effect of a factor has 

been pinpointed by ANOVA. Non-normal data was normalised using logarithmic or 

square root transforms so that the conditions of the statistical test were met. Statistical 

significance was taken at p<0.05.
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4.3 Results

4.3.1 Scaffold fabrication

Slurries using 0, 50, 100 and 200 wt % HA were made and successfully freeze-dried to 

provide scaffolds with varying percentages of HA. Based on this work, the CHA scaffold 

and the process for its production was submitted to the European Patent Office (EPO) in 

February 2008 and published internationally under the Patent Cooperation Treaty (PCT) 

in August 2008 [169].

4.3.2 Scaffold composition

Two regions of interest in the FTIR spectra obtained are shown in Figure 4.4. The 

characteristic peaks of collagen at c.3400 cm ' (Figure 4.4 A) and from 1600-1200 cm ' 

(Figure 4.4 B) [170] can be seen in the spectra of the raw collagen and in that of all the 

scaffolds. The characteristic peaks of HA at c.llOO cm ' and from 600-500 cm ' [170, 

171] can be seen in the spectra of the raw HA and in the spectra of the 200 and 100 wt % 

HA scaffold. An overlapping broad collagen peak from 600-500 cm ' was noted in the 

case of the 50 wt % HA scaffold, while small peaks characteristic of HA were still visible 

in this region. The presence of both the characteristic peaks of HA and the characteristic 

peaks of collagen in the 50, 100 and 200 wt % HA scaffold spectra shows that the slurry 

and scaffold fabrication processes do not alter the constituent materials of the scaffolds.
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collagen _________

Figure 4.4 A shows FTIR spectra from 3800-3200 cm and B shows FTIR spectra from 
1800-400 cm Spectra have been moved vertically in relation to each other for 
clarity. Characteristic phosphate peaks for HA are shown on the spectra (P-0)
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4.3.3 Scaffold porosity

The porosity of the scaffolds decreased with increasing amounts of HA. Control collagen 

scaffolds were found to have a mean porosity of 99.5% while 200 wt % HA scaffolds had 

the lowest mean porosity of 99%. Figure 4.5 shows the porosities of the other scaffold 

variants (n>6). Despite the significant decrea.se in scaffold porosity with increasing HA 

content, the 200 wt % HA scaffold still retained an extremely high porosity.

(0o
k-o
Q.
a>o>
(0
ca>ow0)

Q.

99.6
99.5 
99.4 
99.3 
99.2 
99.1

99
98.9
98.8
98.7
98.6

Collagen-only 50 wt% HA 100 wt% HA 200 wt% HA

Figure 4.5 Porosity of the various composite scaffolds, n > 6, error bars represent 
standard deviations. * represents p< 0.00005. All scaffolds had significantly different

porosities from each other

4.3.4 Scaffold permeability

The permeability of the scaffolds was found to increase significantly for all CHA 

scaffolds over the collagen-only scaffold (Figure 4.6). There was no significant 

difference between the permeabilities of the different CHA scaffolds.
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Figure 4.6 Permeability of the scaffolds. Error bars represent standard deviations and n>5
in all groups. * represents p<0.0386.

4.3.5 Scaffold mechanical properties

The compressive stiffness of the scaffolds increased with increasing percentage of HA as 

can be .seen in Figure 4.7. 100 wt % HA .scaffolds were .stiffer than 50 wt % HA scaffolds 

(p<0.0322). 200 wt % HA scaffolds were significantly stiffer than all other scaffold types 

(p<0.0004). A sample size of at least 20 was used for all groups.

5
4.5

(Q
a 4

(A 3.5

3 3
■oo 2.5
S
(A

2
O)
C
3
O

1.5
1

>- 0.5 i
Collagen-only 50 wt7o HA 100 wt% HA 200 wP/o HA

Figure 4.7 Young’s modulus increases with HA content, with 200 wt% HA scaffolds 
being significantly stiffer than all other scaffold types. * represents p<0.0322 in all 

cases. n>20 and error bars represent standard deviations
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4.3.6 Scaffold architecture

All CHA scaffolds were imaged using microCT, however, it proved impossible to obtain 

good quality, noise-free images of collagen-only and 50 wt % HA scaffolds. This is due 

to the low density of the scaffold leading to low absorption of x-rays. The 100 wt % HA 

and 200 wt % HA scaffold, being denser scaffolds, proved possible to image (Figure 4.8).

fu:!J■

Figure 4.8 3D reconstructions of collagen-only (A), 50 wt% HA (B), 100 wt% HA (C) 
and 200 wt% HA (D) scaffolds. Scale bar is 2 mm in length.
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4.4 Discussion

The aim in this work was to develop a scaffold for bone tissue engineering using collagen 

and HA, the two major constituents of bone. The fabrication process used was 

lyophilisation, which enables the pore structure to be controlled. By combining the 

correct choice of material with a manufacturing process that provides a good degree of 

architectural control, a scaffold has been produced which is highly porous, permeable, 

and has improved stiffness over control collagen-only scaffolds. Furthermore, due to the 

promising, novel results obtained with the scaffold, a patent has been filed on the process 

for producing the composite scaffolds [169J and the scaffolds are now undergoing 

commercialisation.

Fourier transfonn infrared spectroscopy (FTIR) was undertaken in order to assess the 

impact of the slurry and scaffold formation process on the constituent materials of the 

scaffolds. In this case, it was important to check that the presence of acetic acid in the 
fabrication process did not affect the HA in the scaffolds. Judging by the FTIR spectra 

obtained, no adverse effects on the HA occurred during the slurry or scaffold formation 

process, as the characteristic peaks for HA were present in all CHA scaffolds. In addition. 

X-ray diffraction (XRD) was carried out by Dr. Tanya Levingstone (a colleague who 

works in our group) on the raw HA and the 200 wt % HA scaffold in order to double 

check this result. XRD is an FDA recommended method for standard specification for the 

composition of HA for surgical implants. In XRD, a beam of x-rays is directed at the 

sample being tested over a range of angles. The beam is scattered by electrons in its path 

and this results in a different pattern for every material. These patterns can be identified 

by comparing with Joint Committee of Powder Diffraction Society standards. In Figure 

4.9, XRD patterns for HA powder (Plasma Biotal, UK) are shown in blue and for the 200 

wt % HA scaffold are shown in black. The red peaks are the HA standard file 72-1243 

peaks. The highest red peak at 31.8° corresponds to the highest peak for both the HA 

powder and for the 200 wt % HA scaffold. In fact, the HA powder peaks correspond to 

all the HA standard peaks. The 200 wt % HA scaffold peaks are very similar to the HA

138



standard peaks, although one peak at 21.8° has been accentuated, possibly due to the 

presence of acetic acid, and all other peaks have been damped due to the masking effect 

of the collagen. A broad peak corresponding to the amorphous collagen is also found 

centred around 29°. There have been no major peak changes, however, so it can be 

concluded that the HA has not been dissolved by the acid and reprecipitated as a different 

phase. If this had occurred, peak shifts would have occurred either in the XRD or FTIR 

analysis. This analysis confirms the FTIR results, as no alteration of the characteristic 

peaks of HA has occurred.

2-Theta - Scale

Figure 4.9 XRD patterns for HA powder in blue and the 200 wt % HA scaffold in black.
Peaks in red are characteristic peaks for HA.

Despite the addition of up to 200 wt % HA, the porosity of the scaffolds remained at or 

above 99%. This is well above the level needed for cells to remain viable in the scaffold 

(90%) [36]. High porosity is important for cell infiltration into the scaffold and can help 

to overcome nutrient and waste exchange limitations [36]. Osteoconductive properties of 

scaffolds can also be enhanced due to high porosity [57]. This extremely high porosity is 

higher than commercial collagen-HA composite scaffolds [102] and higher than those
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produced by Czernuszka et al. [167] and may therefore prove beneficial during cell 

culture.

The permeability values obtained for the different scaffolds (4.4 x lO '*^- 9.7x lO '*’ 

m'^/Ns) lie within the range reported for trabecular bone. The permeability of cartilage is 

reported as being of the order of 10"'^ m'^/Ns and that of trabecular bone as anything from 

10'^ to 10"'^ m'^/Ns [172], It is the permeability that governs how easy it is for nutrient 

delivery to and waste removal from the centre of the construct to occur. This then, in 

combination with the level of porosity and the biocompatibility of the scaffold material, 

governs whether the scaffold is a suitable environment for cells to live in and grow. The 

permeability increased with the presence of HA. The reason for this may be that HA 

imparts an added stiffness to the .scaffolds and ensures the pores stay open instead of 

collapsing in on themselves. This means that there are more open channels in the scaffold 

through which fluid can flow easily, thus increasing the permeability. This does not 

account for the increase in permeability seen in the 50 wt % HA scaffold, however, 

which was not found to be stiffer than the collagen-only scaffold. Permeability also 

depends on the constituent materials of the scaffold. Collagen is hydrophilic and may 

therefore slow the passage of water through it more than the combination of collagen and 

HA does, thus decreasing the permeability.

While the compressive stiffness of the 200 wt % HA scaffold is significantly greater than 

that of the collagen-only scaffold, it is still low (3.2 kPa on average). This is despite the 

presence of a 2:1 ratio of HArcollagen in the scaffold and crosslinking using a 

combination of dehydrothermal crosslinking and EDAC crosslinking in order to further 

stiffen the scaffolds. However, from a bone repair perspective, it is not necessary for the 

scaffold parameters to match those of bone ( E (trabecular bone)=60-600 MPa [80]), as in 

vitro mineralisation of the cell-seeded scaffold should stiffen the scaffold. In developing 

a scaffold for tissue engineering, the aim is to create an environment where cellular 

proliferation can occur in vitro and vascularisation can occur in vivo. If the stiffness of 

the scaffold must be sacrificed in order to achieve this aim, as long as the benefits of the 

improved scaffold architecture outweigh this loss, then an improved scaffold will result.
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Decreasing the porosity in order to increase mechanical properties would have 

implications for the ability of cells to penetrate and remain viable in the scaffold. Since 

osteointegration of the scaffold depends on cellular adhesion, responses to the construct 

and vascularisation, decreasing the porosity may decrease the osteoconductive abilities of 

the scaffold [57]. Collagen-HA scaffolds of over 87% porosity have proved to support 

osteogenesis both in vitro and in vivo [90], which bodes well for the osteogenic capability 

of the scaffold fabricated here.

The microCT scans did not provide useful information about the scaffold architecture for 

collagen-only or 50 wt % HA scaffolds. The microCT scanner used is intended for use 

with bone. Images of these scaffolds contained a lot of background noise because the 

scaffolds were not dense enough to absorb the x-rays emitted by the scanner. This limits 

the u,sefulness of microCT for analysis of these scaffolds. In addition, the stainless steel 

pin in the sample holder caused more noise to be visible at the centre of the images, due 

to x-rays scattering off the steel and interfering with the images. The 100 and 200 wt % 

HA scaffolds absorbed more x-rays and were easier to image however, thresholding the 

images proved to be difficult. Deciding on a threshold is .setting a cut off point which 

separates scaffold from background noise. As the porosity had been measured and was 

known, one way of thresholding the images was to use the threshold that delivered the 

correct porosity. However, the resulting images were unusable using this method (Figure 

4.10 A). Instead, the 2-D images had to be examined and a threshold decided upon that 

gave the best approximation for the 2-D image (Figure 4.10 B). Due to the different 

densities of the two scaffolds, a different threshold had to be used for the two different 

scaffolds. These thresholds gave much lower porosities than the measured porosities, but 

this is a known discrepancy often found when using microCT. The use of different 

thresholds for the two scaffolds meant that quantitative data about the porosity and pore 

size could not be used, as it is vital to retain the same threshold when analysing these 

scaffold properties. In general, when using denser scaffolds than the over 99% porous 

scaffolds presented here, different materials can be seen at different thresholds and 

information on and images of the constituents of the scaffold can be obtained. Due to the 

extremely high porosity of the scaffolds fabricated, this was not possible. It may be
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possible to obtain better images of collagen-based constructs in the future by using a 

contrast agent such as iodine. While this was attempted unsuccessfully in our laboratory 

in the past, different methods for introducing iodine into the scaffold could be used in the 

future, such as incorporating iodine into the slurry-making process, although any effect 

this had on the freeze-drying process would have to be taken into account. A scanner of 

higher resolution could also be used in order to obtain better images.
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Figure 4.10 The same 2-D slice of 200 wt % HA scaffold with two different thresholds. 
In each image, the upper half is the 2-D image without any threshold and the lower 

half is the thresholded image. A shows the threshold (34) corresponding to a porosity 
of 99%. B shows the threshold (12) which is the best approximation for the 2-D 

image. It can be seen how a lower porosity value results using the threshold in the
lower image.
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4.5 Conclusion

To summarise, novel composite scaffolds of collagen and hydroxyapatite have been 

developed that retain the high porosity and permeability of collagen-only scaffolds but 

have improved mechanical properties. They have been characterised by looking at the 

FTIR spectra, porosity, permeability and compressive stiffness. The porosity decreased 

with increasing amounts of HA but by a very small percentage. The permeability 

increased due to the presence of HA and all scaffolds had penneabilities in the range 

reported for bone. Compressive stiffness was highest for the 200 wt % HA scaffold. The 

scaffolds exhibit promising characteristics and warrant further analysis, in particular, 

examination of their biocompatibility and ability to support in vitro osteogenesis.
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5.1 Introduction

The most important aspect of a scaffold for tissue engineering is its biocompatibility. The 

scaffolds presented in Chapter 4 showed many promising characteristics; they are highly 

porous, permeable and are made from two biocompatible materials, collagen and 

hydroxyapatite (HA). Structurally, they seem like good candidates for bone tissue 

engineering but this must now be checked by analysing their biocompatibility and ability 

to support bone formation in vitro.

The presence of particles changes the physical characteristics of composite scaffolds and 

the resultant scaffold can be very different from the original material it was developed 

from. Adding ceramic to polymer scaffolds has been shown to improve cell responses to 

the scaffolds. For example, composites of carbonated HA, collagen and PLGA in a three

layered membrane showed a more positive response to osteoblast culture than .scaffolds 

of PLGA alone [10]. Mineralised collagen has different physical and mechanical 

properties to pure collagen and is considered to have even better biocompatibility than 

pure collagen. It enhances hard tissue growth due to osteoconductivity and its resorption 

can be controlled by changing the mineral content [10]. Due to bone being made up 

predominantly of collagen and HA, a composite of these materials is a logical choice for 

scaffold developm.ent. A composite of these materials that incorporates all the 

prerequisites of a scaffold could prove to be very useful in bone tissue engineering, and 

was presented in Chapter 4. The scaffolds presented were highly permeable with a 

minimum of 99% porosity. The technology used to fabricate these scaffolds is an 

extension of that used to make the collagen-glycosaminoglycan (CG) scaffolds that have 

been used successfully in skin grafting [77]. Currently, in our laboratory, attention has 

turned to using CG scaffolds for bone tissue engineering. Advantages of the scaffold 

include the ability to fabricate it with extremely high porosity (99.5%) [79]. This high 

degree of porosity is important to allow cell movement through the scaffold and support 

vascularisation. The scaffold has already been shown to support both chondrogenesis and 

osteogenesis [78]. The osteogenic potential of the collagen-hydroxyapatite (CHA) 

scaffolds presented in Chapter 4 must now be assessed in a similar manner.
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The biocompatibility of scaffolds for bone tissue engineering can be examined by seeding 

them with bone cells, culturing for a period of time and examining cell activity and 

number. The cells used can be primary cells, cells from an immortalised cell line or stem 

cells. There are different advantages with each of these: primary cells (obtained form 

explants of tissue) maintain their phenotype, cell lines (a permanently established cell 

culture) proliferate indefinitely given the right conditions and stem cells proliferate well 

and can differentiate into a number of different cell types. The drawbacks of primary and 

stem cells are that a pure population of such cells is difficult to obtain. The most 

homogeneous populations are obtained using cell lines. Thus, they are useful for testing 

biocompatibility without the added confounding factor of impure population.

Biocompatibility experiments can be extended to look at osteogenesis. To do this, a 

number of different bone formation markers can be examined over time and ultimately, 

the minerali-sation of the constructs can be analysed. After cells have finished 

proliferating on constructs, they begin to lay down extracellular matrix (ECM) and finally 

they mineralise this matrix. In 2-D culture, matrix maturation occurs after day 14 in 

culture while mineralisation is seen at day 28 [123]. In 3-D, the situation is more 

complicated and the timeline for osteogenesis depends upon the scaffold used. Collagen- 

glycosaminoglycan scaffolds seeded with marrow stromal cells exhibited mineralisation 

after 21 days in culture [78]. Due to similarities between the CG and CHA scaffolds, such 

as high porosity and permeability, the osteogenic timeline found when culturing CG 

scaffolds may be similar to that of the CHA scaffolds, although the presence of HA may 

alter the situation considerably.
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5.1.1 Aim

The aim of this study was to examine the biocompatibility and in vitro osteogenic 

potential of a range of CHA scaffolds and to determine whether the presence of HA 

altered these important characteristics. The scaffolds were seeded with a pre-osteoblastic 

cell line (MC3T3-E1 cells) and cell number, cell distribution and gene expression of the 

bone formation markers collagen-1 (COL-1), alkaline phosphatase (ALP), osteopontin 

(OPN) and osteocalcin (OC) were analysed. To further examine the effect of in vitro 

bone formation on the constructs, the mechanical properties, penneability and scaffold 

architecture of the tissue engineered constructs were analysed.
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5.2 Materials and Methods
5.2.1 Scaffold fabrication

Scaffolds were fabricated as described in Chapter 4. Briefly, slurries of collagen and HA 

were blended and lyophilised to form collagen-HA (CHA) scaffolds. Scaffolds were 

dehydrothemally crosslinked and 12.7 mm seaffold samples were further crosslinked 

using EDAC.

5.2.2 Cell-culture experiment

Scaffold samples were seeded with 2 million MC3T3-E1 osteoblast cells. To enable cell 

infiltration, each scaffold was placed into a well of a six well plate and 1 million cells in 

100 pL of media were seeded on one side of the seaffold. After incubation for 15 

minutes, scaffolds were turned over and a further 1 million cells were seeded. Again, 

after 15 minutes of incubation, wells were filled with 5 mL of media. Constructs were 

cultured in alpha-minimum essential medium (BioSera, East Sussex, UK) supplemented 

with 2% penicillin/streptomycin, 1% L-glutamine, 10% foetal bovine serum and 0.1% 

amphotericin (Sigma-Aldrich Ireland, Dublin) for 3 days to allow proliferation before the 

medium was supplemented with lOnM (3-glycerophosphate and 50 pg/mL aseorbic acid 

(Sigma-Aldrich Ireland, Dublin). Ascorbic acid and (3-glycerophosphate are osteogenic 

supplements that enable MC3T3-E1 cells to lay down collagen and mineral respectively 

[173]. The scaffolds were kept in an ineubator at 37°C and 5% COt and half the 

osteogenic medium was changed every 2-3 days during the culture period. Constructs 

were cultured for 1 day to look at cell attachment, and 7, 14, 21 or 28 days to look at 

biocompatibility and osteogenesis.

5.2.3 Cell number quantiHcation

Four scaffolds per group (collagen-only, 50 wt% HA, 100 wt% HA, 200 wt% HA) at 

each of the four time points were flash frozen in liquid nitrogen and stored in a -80°C
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freezer until analysis was performed. 1 mL of Qiazol (Qiagen, USA) was added to each 

scaffold and scaffolds were homogenised. After the addition of chloroform and 

centrifugation to separate RNA and DNA, the RNA layer was pipetted off carefully and 

stored. Cell number on the constructs was quantified using Hoechst 33258 in a similar 

manner to that explained in Chapter 3. Briefly, samples of the digested constructs were 

mixed with Hoechst dye and the fluorescence read and compared to a standard curve. The 

protocol followed is in Appendix B.

5.2.4 Gene expression

Gene expression was analysed in a similar manner to that described in Chapter 3. Briefly, 

RNA was extracted using a Rneasy lipid tissue mini kit (Qiagen, USA), quantified and 

used for reverse transcription. Realtime PCR was then carried out. Results were 

quantified for collagen-1 (COL-1), alkaline phosphata.se (ALP), osteopontin (OPN) and 
osteocalcin (OC) via relative quantification using 18-S rRNA as the endogenous 

reference. COL-1 is expressed by osteoblasts during proliferation and is fundamental to 

the production of extracellular matrix (ECM) [123]. ALP and OPN are both osteoblast 

phenotypic markers and are expressed as the ECM matures and mineralises [123]. OC is 

associated with matrix deposition and mineralisation [123, 174]. All PCR reactions were 

conducted in triplicate for each sample.

5.2.5 Histology

Preparation of histological sections was done as described in Chapter 3. Briefly, scaffolds 

were fixed in formalin, processed in a tissue processor, embedded in wax either 

longitudinally or transversely and sectioned on a microtome at 10 pm. For all staining 

methods, wax was removed from the sections in a xylene bath and sections were hydrated 

to water in a series of ethanol baths. Digital images of all stained sections were obtained 

using an imaging system (AnalySIS, Olympus, Japan or NIS Elements Basic Research
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Version 3.0, Nikon, Japan) in conjunction with a microscope (Olympus 1X51, Olympus, 

Japan or Nikon Eclipse 90i, Nikon, Japan).

Longitudinal
section

Figure 5.1 Schematic of a scaffold showing longitudinal and transverse sections 

Cell distribution

Haematoxylin and eosin staining was used to look at cell distribution, as described in 

Chapter 3.

Mineralisation

Alizarin red staining was used to examine mineralisation. It stains calcium a bright red 

colour. Sections were stained in 2% alizarin red for 5 minutes after wax removal and 

hydration. Sections were then dehydrated. Quantification of mineralisation was carried 

out using 10% cetylpyridinium chloride to absorb the alizarin red stain from sections that 

had been exposed to this stain [87]. There were four scaffold sections per slide: two per 

slide were quantified, leaving two other sections per slide for examination under the 

microscope. 400pL of cetylpyridinium chloride solution was pipetted onto the slides and
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the stain was desorbed for 15 minutes. lOOfjL was pipetted in triplicate into the wells of a 

96 well plate. Absorbance readings at 540 nm were obtained on a Titerek Multiskan 

MCC/340 spectrometer (Titertek, Germany) and readings for the cetylpyridiniuin 

solution were subtracted to eliminate its effect. As the level of staining increases, the 

absorbance reading increases, and thus, mineralization can be quantified. DPX mountant 

was used to attach cover slips over the remaining 2 sections on each slide. This method 

enabled quantified data to be compared to qualitative histological data. Due to the 

presence of HA in the scaffolds, blank scaffolds that were DHT and EDAC crosslinkcd 

but were not kept in cell culture medium, were analysed alongside cultured scaffolds. 

This was to examine the baseline level of staining that occurred due to scaffold type.

5.2.6 Construct mechanical properties

Following culture, unconfined compression testing of four or more scaffold samples from 
each group at each time point was carried out using a mechanical testing machine (Z050, 

Zwick/Roell, Germany) fitted with a 5 N load cell. All testing was carried out in a bath of 

PBS with impermeable, unlubricated platens, at a strain rate of 10% per minute. The 

modulus was defined as the slope of a linear fit to the stress-strain curve over 2-5% strain 

[81].

5.2.7 Construct architecture

One sample in each group at each time point was scanned using a microCT scanner 

(mCT-40, Scanco, Bassersdorf, Switzerland). Due to difficulties already experienced 

using microCT (see Chapter 4), it was known that noiseless images would be difficult if 

not impossible to obtain. The aim in using it therefore, was to examine if any 

mineralisation could be seen over the culture period. Samples were scanned as detailed in 

Chapter 4.
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5.2.8 Construct permeability

Following culture, construct permeability was measured in the same manner as described 

in Chapter 4. Briefly, constructs were placed into the permeability rig (see Appendix C 

for more detail) under a 15 cm column of water which was allowed to flow through the 

constructs for five minutes. The volume of water that passed through the construct over 

this time period was used to calculate the volume flow rate which in turn, in conjunction 

with the construct height and cross sectional area, was used to work out the permeability.

5.2.9 Statistical analysis

Statistics were done in Minitab 15, using a general linear model ANOVA with the Tukey 

test as the post-hoc test. General linear model ANOVA is precisely the same as 1 way 

ANOVA when 1 factor is used and as 2 way ANOVA when 2 factors are used in the 

model. Its strength lies in that it can be extended to examine the effect of multiple factors 

on the data, all in one statistical test. The Tukey test is a conservative test used for 

examining differences within groups once an overall significant effect of a factor has 

been pinpointed by ANOVA. Non-normal data was normalised using logarithmic or 

square root transforms so that the conditions of the statistical test were met. Statistical 

significance was taken at p<0.05.
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5.3 Results
5.3.1 Cell number quantification

Cell attachment rates varied from 15 to 42 %, with the 200 wt % HA scaffold showing a 

significantly higher attachment rate than the collagen-only or 50 wt % HA scaffolds 

(Figure 5.2, p<0.0141). Cells were viable on all scaffolds at every time point to 28 days 

(Figure 5.3). Collagen-only, 100 wt % HA and 200 wt % HA scaffolds had significantly 

higher cell numbers than 50 wt % HA scaffolds (p<0.0016). Average proliferation (cell 

number at 28 days minus cell number at 7 days) of 10-48% occurred on all CHA 

scaffolds, but there was a modest decrease of 13% in the number of cells on the collagen- 

only scaffolds over the culture period (Figure 5.4).
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Figure 5.2 Initial cell attachment rates on the scaffolds after 1 day in culture. Scaffolds 
were seeded with 2 million cells and after 1 day, the highest attachment rate was for 

the 200 wt % HA scaffold at 42%. The 200 wt % HA scaffold had a significantly 
higher attachment rate than the collagen-only or 50 wt% HA scaffolds. * represents

p<0.0141
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Figure 5.4 Percentage proliferation on the four scaffold types (cell number at 28 days 
minus cell number at 7 days divided by the original seeding density of 2 million cells)

5.3.2 Gene expression

COL-1 expression did not alter significantly over the culture period. For collagen-only 

and 50 wt % HA groups, non-significant peaks occurred at 14 days, the 100 wt % HA
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showed constant expression over the culture period, while the 200 wt % HA group 

showed a non-significant peak at 21 days.

For ALP, there were no significant changes between groups or over time. Expression 

peaked on collagen and 50 wt % HA groups at 14 days, expression on the 100 wt % HA 

group increased gradually over the culture period, while expression on the 200 wt % HA 

group increased to a peak at 21 days and then decreased at 28 days.

OPN expression was upregulated on the 50 wt % HA groups over the collagen-only 

group (p=0.0051). A trend was also noted for expression to be higher on the 200 wt % 

HA group over the collagen-only group (p=0.0662). There were no significant changes in 

expression over time in any group. Expression on the 50 and 100 wt % HA groups 

peaked at 7 days, while that on the 200 wt % HA group peaked at day 21.

OC expression followed similar trends to COL-1 expression for all CHA .scaffolds, while 

expression increased over time on the collagen-only group, reaching a peak at 28 days. 

Expression on the 50 wt % HA group peaked at 14 days before decreasing to 21 and 28 
days. There was significantly higher expression of OC on the 50 wt % HA group than on 

the 100 wt % HA group (p=0.0418). Eor the 200 wt % HA group, expression increased to 

a peak at 21 days and then decreased to 28 days.
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Figure 5.5 Gene expression of A: collagen 1 (COL-1), B: alkaline phosphatase (ALP), C: 
osteopontin (OPN) and D: osteocalcin (OC) over the 28 day culture period. n=4 and 
error bars represent standard deviations. In C, * represents p=0.0051 and a notable 

trend is collagen-only v 200 wt% HA, p=0.0062. In D, * represents p=0.0418. 
Expression has been normalised by expression of the housekeeping gene 18s.
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5.3.3 Histology

Cell Distribution

To show the changing distribution over time, longitudinal images at 7 and 28 days are 

shown in Figures 5.6 and 5.7. Transverse images at 28 days are also shown (Figure 5.8). 

At 7 days after seeding, some infiltration of cells towards the centre of the scaffolds has 

occurred on all constructs, as can be seen in the longitudinal sections in Figure 5.6 (green 

arrows. Figure 5.6). However, there is also evidence of encapsulation beginning along the 

periphery of the constructs (blue arrows. Figure 5.6). There is still evidence of these two 

competing phenomena at day 14 but at day 21, encapsulation has become the dominant 

effect (images not shown). By 28 days, cells resided predominantly on the surface of all 

the scaffolds with little cell infiltration (Figure 5.7). Traasverse sections at 28 days show 

the large number of cells near the construct surfaces and the changed construct 

morphology in this region, which may be due to extracellular matrix deposition (Figure 

5.8) It was also noted that at 28 days, cells resided predominantly on the surface that was 

facing upwards during cell culture (see Discussion, Figure 5.16).
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Figure 5.7 Longitudinal haematoxylin and eosin stained sections of the four scaffold 
groups. Scale bars are 500 pm in length. All at depths of 480-720 pm from scaffold 

centre at 28 days. Blue arrows show areas of encapsulation
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Figure 5.8 Transverse haematoxylin and eosin stained sections of the four scaffold 
groups. Scale bars are 500 pm in length. All from near the surface (within -300 pm)

of scaffolds at 28 days.

Mineralisation

Due to the presence of HA in the CHA scaffolds, which should stain for calcium even 

when the constructs have not mineralised due to the action of cells, blank scaffolds that 

had not been in cell culture were stained with alizarin red to show the initial level of 

staining before cell culture commenced. Alizarin red staining of blank scaffolds showed 

that collagen-only scaffolds did not stain for calcium but that 50,100 and 200 wt % HA 

scaffolds did stain a positive red colour for calcium (Figure 5.9). Some evidence of 

mineralisation was found near the surface of constructs at 14 and 21 days on 200 wt % 

HA scaffolds (images not shown). After the 28 day culture period, collagen-only 

scaffolds stained a darker shade than the blank scaffolds but not the bright red usually 

associated with positive alizarin red staining. 50, 100 and particularly 200 wt % HA
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constructs stained a brighter red, indicating positive staining for calcium deposition 

(Figure 5.10). However, mineralisation was isolated to the surface of the scaffolds.

*
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"1^
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Figure 5.9 Transverse alizarin red stained sections of the four groups. All are blank 
scaffold sections from near the surface of the constructs.
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Figure 5.10 Transverse alizarin red stained sections of the four groups. All are sections 
from near the surface of the constructs at 28 days.

These visual result was quantified, showing that there was significantly more alizarin red 

staining of the 200 wt % HA scaffolds than the 100 wt % HA, 50 wt % HA or collagen- 

only scaffolds (Figure 5.11, p<0.0021). In addition, the 100 wt % HA scaffold showed 

significantly more staining than the collagen-only scaffold (p=0.0028). At both 14 and 28 

days, there was significantly more staining than on the blank scaffolds (p<0.0220), 

showing that staining did increase at these times as a result of cellular activity. 

Longitudinal sections gave significantly different results from transverse sections 

(p<0.00005), so they are presented separately here. The trends on both orientations are 

similar; it is predominantly the magnitude of the absorbance readings that differs. This is
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because of the encapsulation effect noted. Sections exhibit mineralisation at the periphery 

but not in the centre of the scaffold. This means that longitudinal sections have a band of 

mineralisation along the periphery in each section, so variability between sections is 

small and the overall magnitude of the absorbance reading is also small. In contrast, 

transverse sections have much higher variability between sections because sections taken 

from various different depths throughout the scaffold have very different levels of 

mineralisation. They also exhibit a higher magnitude of absorbance reading due to the 

sections being physically larger.

165



<

□ Blank
□ 7 day
■ 14 day
■ 21 day
■ 28 day

.Q Q-| collagen-only 50wt%HA 100wt%HA 200wt%HA

Longitudinal

0.25 

0.2

A

□ Blank 
I □ 7 day

■-r ■ ■ 14 day
ll I >21 day rMd I ■ 28 day

collagen-
only

50 wt% HA 100 wt% 
HA

200 wt% 
HA

Transverse

Figure 5.11 Quantified alizarin red readings for the four groups over the 28 day culture 
period. * represents p<0.0028. n=4 and error bars represent standard deviations. The 

200 wt % HA group showed significantly more staining than the 100 wt % HA, 50 wt 
% HA or collagen-only scaffolds ( p<0.0021). The 100 wt % HA scaffold showed 

significantly more staining than the collagen-only scaffold (p=0.0028). At both 14 and 
28 days, there was significantly more staining on cultured constructs than on the blank 

scaffolds (p<0.0220, not shown on the graph for clarity)
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5.3.4 Construct mechanical properties

Blank scaffold data is included from Chapter 4. There was an overall increase in Young’s 

modulus over the culture period for all groups (day 7 v day 28, p=0.0489), despite a 

significant reduction in modulus at day 14 (p<0.0072, Figure 5.12). The 50 wt % HA 

scaffold had a significantly lower modulus than all other groups (p<0.0489), despite this 

scaffold having a significantly lower height than the other groups (p<0.00005, Figure 

5.13).
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Figure 5.12 Compressive modulus on the four groups over the 28 day culture period 
including blank .scaffold data. * represents p< 0.013. Other significant differences not 
shown on the graph for clarity were: 7 day v 28 day (p=0.0489), 14 day v blank, 7, 21 

and 28 day (p<0.0072). n>20 per group for blank scaffolds, n>9 per group for 7, 14 
and 21 days, n=5 per group for 28 day constructs.
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Figure 5.13 Heights of the constructs over the 28 day culture period. * represents
p<0.00005

5.3.5 Construct architecture

3-D microCT reconstructions were obtained at all time points but little evidence of 

scaffold mineralisation was seen, apart from the cases of the 100 and 200 wt % HA 

constructs at 28 days. Both these constructs exhibited a thin layer of denser material on 

the surface of the scaffolds (Figure 5.14).
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Figure 5.14 3-D microcomputed tomography reconstructions of the four constructs after 
28 days in cell culture. Evidence of mineralisation can be seen on the surface of the 

100 and 200 wt % HA constructs, where a thin, patchy layer of material had been laid
down.
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5.3.6 Construct permeability

Blank scaffold data is included from Chapter 4. The 50 wt % HA group had significantly 

lower permeability than both the collagen-only and the 100 wt % HA group. In addition, 

permeability decreased significantly from day 21 to day 28 (p=0.0022, Figure 5.15 A). 

There was also a significant decrease in permeability for all groups at all times compared 

to the blank scaffolds (p<0.00005, Figure 5.15 B)
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Figure 5.15 A: Permeability values on all groups over the 28 day culture period. * 
represents p<0.0049. n>4 and error bars represent standard deviations.Another 
significant difference not shown on the graph for clarity was: 21 day v 28 day 
(p=0.0022). B: Permeability values on all groups including blank scaffolds. *

represents p<0.00005.
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5.4 Discussion

The aim in this work was to investigate the biocompatibility and osteogenic ability of the 

range of collagen-HA (CHA) scaffolds developed and characterised previously (see 

Chapter 4). To do this, scaffolds were seeded with pre-osteoblastic cells and cultured in 

osteogenic medium for a period of 28 days. Constructs were then analysed to look at cell 

number, gene expression of certain bone formation markers, cell distribution and 

mineralisation, as well as compressive modulus and permeability.

Cell number quantification showed cellular proliferation on all CHA scaffold groups of 

10-48% while there was a modest decrease in the number of cells on collagen-only 

constructs over time. While these changes were not statistically significant, it is 

interesting to note that the increasing trend was present on all CHA scaffolds, while the 

decreasing trend was only present on the collagen-only group. In addition, it appears that 

cell attachment to the scaffolds differed with scaffold type. To further investigate this, 

cell attachment was quantified by seeding a sample size of four for each of the four 

scaffold groups and analysing cell number after one day in culture. It was found that a 

lower percentage of the cells seeded onto the scaffolds attached to the 50 wt % HA 

scaffolds, with and average of only 15.5% attaching while 42.7% attached to the 200 wt 

% HA scaffolds (p=0.0037). Cell attachment was also quite low on the collagen-only 

group, with an average of 23% of cells seeded attaching to the scaffolds. While cell 

attachment may be problematic on the 50 wt % HA scaffolds, the highest proliferation 

occurred on this group, showing that the material is highly biocompatible. The reason for 

lower attachment rates on this scaffold type may be that upon hydration, the 50 wt % HA 

scaffolds decreased in height, while other scaffold types retained their structure. This 

decrease in height was statistically significant (p<0.00005) and would have resulted in a 

decrease in porosity and may therefore have impeded the infiltration and attachment of 

cells.

Collagen-1 (COL-1) is an early bone formation marker. In 2-D culture on tissue culture 

plastic, COL-1 expression of rat calvarial osteoblasts peaks at 7 days [123] and decreases
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thereafter, although it continues to be expressed up to 35 days. In 3-D, a similar trend is 

seen in some cases, with expression in rat marrow stromal cells increasing to 8 days and 

decreasing to 16 days [175] and human mesenchymal stem cells on porous HA/TCP 

scaffolds showing increased COL-1 expression to 10 days and then a decrease to 20 days 

[61]. In D,L-lactide and glycolide (PLG) scaffolds seeded with MC3T3 cells, COL-1 

mRNA was expressed at all times up to 8 weeks, although maximal expression occurred 

at 14 days [176]. It is important to note that changes in expression can depend upon the 

substrate the cells are cultured on. In this study, expression peaked on the collagen and 50 

wt % HA groups at 14 days and on the 200 wt % HA scaffold group at 21 days, although 

these trends were not statistically significant. Judging by the cell number results, the 50 

wt % HA group is the only group on which cells are proliferating over the culture period. 

This may explain the differences in gene expression seen on this group compared to the 

other construct types, as COL-1 is usually expressed during proliferation [123]. The fact 
that the other groups exhibit lower expression of COL-1 may simply be that they are 

post-proliterative.

Alkaline phosphatase (ALP) expression is expressed maximally at day 21 in 2-D culture 

[123, 175]. In 3-D culture of human bone marrow stromal cells on a collagen-HA 

composite, expression was found to increase on day 14 for one cell donor but on day 21 

for another [13]. While no statistically significant differences were seen over time or 

between groups in this study, peak expression of ALP was found on collagen-only and 50 

wt % HA scaffolds at 14 days. On 200 wt % HA scaffolds, peak ALP expression was 

higher in magnitude on average but at the later time of 21 days. The rise and fall of 

expression in the case of the 200 wt % HA group is more similar to the case in 2-D 

culture [123].

Osteopontin (OPN) is a later stage bone formation marker that peaks at 28 days in 2-D 

culture [123, 175] but seems to be expressed earlier in 3-D culture, with expression 

increasing by day 15 and further increasing to day 20 in human mesenchymal stem cells 

cultured on HA/TCP [61]. A trend for earlier expression of OPN is noted here on the 

CHA scaffolds, although there is high relative expression at day 21 on the 200 wt% HA

172



scaffold. All the CHA groups exhibit higher expression of OPN on average than the 

collagen-only group. This may be an indication of the osteogenic effect of the presence of 

HA in the scaffold.

Osteocalcin (OC) is another late stage bone formation marker which peaks at 28 days in 

2-D culture [123, 175]. It is associated with matrix deposition and mineralisation [123, 

174]. In 3-D, little change in expression was noted when human bone marrow stromal 

cells were cultured on a collagen-HA composite [13], while expression increased at day 

15 in human mesenchymal stem cells cultured on HA/TCP [61]. When PLG scaffolds 

were seeded with MC3T3 cells, OC expression was expressed at low levels to 4 weeks 

but then at increased levels to 8 weeks [176]. Here, the collagen-only group exhibits 

similar trends to expression of OC in 2-D, with expression steadily increasing to 28 days. 

Similarly, expression on the 200 wt % HA group increases to a slightly earlier peak at 21 

days before decreasing at 28 days. Expression on the 100 wt % HA group is constant to 

21 days with a slight peak at 28 days. Expression on the 50 wt % HA group is much 

higher at the earlier time points than at 21 or 28 days, a trend that is similar to COL-1 

expression on this group. The heterogeneity seen in expression also occurs in vivo, where 

different genes are expressed by different amounts, depending on their maturity, location 

and environment [177]. It may be that cell distribution and mineralisation affect gene 

expression in vitro in a similar manner in this case.

Despite seeding the scaffolds on both sides at the start of the culture period to encourage 

infiltration, by day 28 it was found that cells resided predominantly on the upper surface 

of the scaffolds. Infiltration of cells towards the centre of the scaffold was seen at 7 days 

and, to a slightly lesser extent, at 14 days, but by day 21, cells had become noticeably 

more concentrated on the periphery, a phenomenon that became even more apparent by 

day 28. Promising initial cell distribution, due to the seeding method in combination with 

the high porosity and permeability of the scaffolds, was therefore lost over the culture 

period, resulting in inhomogeneous constructs in all groups. The changing distribution 

may be due to cells moving out towards the periphery over time or due to cells on the 

interior dying while those on the periphery proliferated. These two different scenarios
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would impact very differently on gene expression. Cells decreased in number on the 

lower surface of the constructs over time (Figure 5.16) with cells becoming concentrated 

on the upper surface by day 28. This was seen in histological images of all constructs. By 

day 28, the lower surface of the constructs was sparsely populated with cells while on the 

upper surface, large numbers of cells were in evidence and mineralisation had occurred in 

the case of the 200 wt % HA constructs. One way to tease out the impact of changing 

distribution on gene expression would be to use in situ hybridisation. This technique 

allows local changes in mRNA expression to be isolated, so that a map of the spatial 

expression of a gene can be constructed. If this is done at different time points as well, a 

temporal and spatial map of changing gene expression could be defined which could 

provide valuable infonnation on the interaction between cellular distribution and gene 

expression in 3-D.

media upper surface
construct----- ,

A i ◄---------------
lower surface

possible area of limited diffusion
Figure 5.16 Schematic of culture plate containing construct

The increase in alizarin red staining on 200 wt % HA scaffolds both compared to the 

other scaffold types and over time, shows the promising impact of this scaffold type on 

osteogenesis. Of all groups, this scaffold exhibited the largest degree of mineralisation. 

However, this mineralisation only occurred on the upper surface of the constructs where 

cells had become concentrated. This was also seen in the microCT images, where a 

denser region was seen on the surface of 100 and 200 wt % HA constructs after 28 days 

in culture. In order to encourage mineralisation to occur throughout the construct, cell 

distribution must first be enhanced. As was seen in Chapter 3, a way to encourage a more
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homogeneous cell distribution would be to culture the constructs in a flow perfusion 

bioreactor. Then, the 200 wt % HA scaffold’s capacity for mineralisation in conjunction 

with the bioreactor’s ability to deliver enhanced cell distribution might deliver an 

improved tissue-engineered construct.

Blank scaffolds were used to obtain an initial alizarin red reading in order to examine the 

change in alizarin red staining over time in cell culture. These scaffolds were samples of 

EDAC-crosslinked scaffold that were wax embedded, sliced and stained. They had not 

been kept in cell-culture. During cell-culture, phosphate can precipitate out of the 

medium onto constructs. However, alizarin red stains for calcium so it is not envisaged 

that the alizarin red readings for the blank scaffolds used here would be very different 

from scaffolds kept in cell-culture for the duration of the culture period. In our laboratory, 

when attempts were made to analyse the effect of cell-culture of acellular collagen- 

glycosaminoglycan scaffolds on staining (by colleague Claire Tierney), it was found that 

the scaffolds disintegrated after 2-3 weeks in culture and the information could not 

therefore be obtained.

The compressive modulus of the constructs increased over time (comparing 7 days to 28 

days). This is presumably due to extracellular matrix and mineral being laid down and 

strengthening the scaffolds. No shrinkage of the scaffolds was seen over time, due to the 

fact that the scaffolds had all been ED AC crosslinked, so an increase in density of the 

scaffolds could not have contributed to any strengthening of the constructs. Due to the 

inhomogeneous distribution of cells and mineral, however, large increases in modulus 

were not seen. A significant decrease in modulus at 14 days was noted. This may be due 

to some degradation of the scaffolds. Evidence of degradation was not visible in 

histological sections. In an attempt to assess degradation, the porosity of the 200 wt % 

HA constructs at the four time points (7, 14, 21 and 28 day) was measured using 

microCT. To do this, the porosity of forty 2-D slices at each time point was noted. Only 

the porosities of 2-D slices on the interior of the constructs were taken into consideration, 

to eliminate the effect of any extracellular matrix deposition or mineralisation that might 

have occurred at the surface. All slices were thresholded at the same value. While the
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porosity increased by approximately 1 % at day 14 over the 7 day value, this is a very 

small change and does not explain the decrease in Young’s modulus observed at 14 days. 

Another phenomenon that may be occurring is the destruction of crosslinks within or 

between collagen molecules. This would cause a decrease in modulus but may be 

unobservable in histological or microCT images.

Permeability values decreased significantly on the cell-cultured constructs compared to 

blank scaffolds. This is likely to be due to the encapsulation effect and the matrix and 

mineral deposition seen on at least one surface of all constructs at all times. The 

permeability is limited by the densest, least interconnected layer of material through 

which fluid has to pass during the permeability test. As was seen in the histological 

sections, in cell-cultured constructs, there is a layer of cells on the periphery of the 

constructs and this layer decreases the permeability of the constructs. On the cell-cultured 

constructs, there was a significant decrease in permeability from day 21 to day 28, which 

may be due to extracellular matrix and mineral formation. 50 wt % HA constructs had 

significantly lower permeability than collagen-only and 100 wt % HA constructs over the 

culture period. This may be due to the significant height decrease noted upon hydration 

of the 50 wt % HA scaffolds (Figure 5.13), although the encapsulation effect must also be 

playing a part as the permeability of the blank 50 wt % HA scaffold is higher than the 

collagen-only group and comparable to the other CHA scaffolds. In the future, acellular 

scaffolds kept in culture medium for the culture period could be permeability tested. It is 

envisaged that the permeability would increase on such scaffolds over time. When 

acellular, non-EDAC crosslinked CG scaffolds were kept in culture medium, they 

disintegrated after 2-3 weeks (that work was undertaken by Claire Tierney, a colleague in 

the Royal College of Surgeons, as mentioned above). While increased crosslinking and 

the presence of HA may decrease the degradation rate, the permeability is likely to 

increase over time.
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5.5 Conclusion

All the scaffolds tested proved to be biocompatible, with the 200 wt % HA scaffold 

proving to have the highest osteogenic capability. Of all groups, this scaffold exhibited 

the largest degree of mineralisation, and therefore warrants further experimentation, so 

that the mineralisation that occurred on its surface can be encouraged to develop 

throughout the scaffold. Promising initial cell distribution on all constructs, due to the 

seeding method, was lost over the culture period, resulting in inhomogeneous constructs 

in all groups. The solution to this problem may be to use a bioreactor, which can deliver 

better cell distribution than static culture (as was seen in Chapter 3 using the collagen- 

glycosaminoglycan .scaffold) by enabling nutrient and wa.ste exchange in the central 

region of the construct, thus enhancing cell viability [18].
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6.1 Introduction

In Chapters 4 and 5, collagen-HA scaffolds were presented and characterised. They were 

found to be highly porous, permeable and also showed good biocompatibility. In 

addition, the osteogenic capability of the 200 wt % HA construct was found to be the best 

of all the constructs tested and it exhibited the largest degree of mineralisation. However, 

despite their high porosity and permeability, the constructs displayed an inhomogeneous 

cell distribution, with cells predominantly residing on the periphery of the constructs. 

This led to inhomogeneous mineralisation of the constructs, with only the periphery 

mineralising. Therefore, it seems static culture is not the optimum way of culturing this 

construct and an alternative culture mechanism that improves cell distribution is needed. 

The answer to improving cell distribution might be to use the flow perfusion bioreactor.

The flow perfusion bioreactor used in our laboratory has been shown to enhance 

distribution on collagen-glycosaminoglycan constructs after 25 and 49 hours of culture 

(Chapter 3). In order to assess mineralisation in the construct, longer culture in the 

bioreactor is needed. In other studies, the bone formation markers alkaline phosphatase 

and osteocalcin have been upregulated after 7 days of bioreactor culture [1, 16]. In 

combination with a pre-culture period of 6 days, a bioreactor culture period of 7 days 

would mean a total of 13 days of culture. In the static study in Chapter 5, the initiation of 

mineralisation was seen after 14 days of culture (Figure 6.1), so, theoretically, a total 

culture period of 13 days should be enough to see the start of mineralisation, particularly 

if the bioreactor stimulates the cells and speed up the process.

In Chapter 3, the flow perfusion bioreactor designed in our laboratory [148] was used to 

examine the effect of flow patterns with short- and long-term rest periods on cellular 

activity. It was found that a flow pattern incorporating a 5 second short-term rest period 

during the 1 hour stimulation period and a 7 hour long-term rest period of low flow was 

the most stimulatory. This group showed the highest expression of osteopontin (OPN) in 

addition to the high cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2) production 

seen on all constructs cultured in the bioreactor. It was also found that cell number
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decreased on bioreactor cultured constructs. In preliminary experimentation to examine if 

cell number decreases levelled off after an initial decrease, it was found that cell number 

continued to decrease at culture periods longer than 49 hours. It was desirable to attempt 

to eliminate this phenomenon. Therefore, the 7 hour low flow step was removed from tie 

cycle for further experimentation, and replaced with 7 hours of no flow in an effort to 

retain a larger number of cells on the constructs cultured in the bioreactor.

Figure 6.1 The onset of mineralisation was seen on the periphery of the 200 wt % HA 
scaffold after 14 days in static culture. Transverse section at 340 pm from the surface

of the construct.

6.1.2 Aim

The aim of this study was to combine the optimal scaffold developed and characterised in 

Chapters 4 and 5 with information obtained investigating the effects of rest-inserted flow 

in a flow perfusion bioreactor (see Chapter 3). To do this, the most promising CHA 

scaffold, the 200 wt % HA scaffold, was combined with the most promising stimulation 

pattern used in the bioreactor, 5 second rest-inserted flow. Constructs were cultured for 

169 hours in the bioreactor and cell number, cell distribution and gene expression of the 

bone formation markers collagen-1 (COL-1), alkaline phosphatase (ALP), osteopontin 

(OPN) and osteocalcin (OC) were analysed. To further examine the effect of in vitro 

bone formation on the constructs, the mechanical properties, permeability and scaffold 

architecture were analysed.
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6.2 Materials and methods

6.2.1 Scaffold fabrication

Scaffolds were fabricated as described in Chapter 4. Briefly, a slurry of collagen and HA 

were blended and lyophilised to form 200 wt % HA collagen-HA (CHA) scaffolds. 

Scaffolds were dehydrothemally crosslinked and 12.7mm scaffold samples were further

crosslinked using EDAC.

6.2.2 Scaffold pre-culture

Scaffold samples were seeded and pre-cultured in a similar manner to that described in 

Chapter 3. Briefly, 200 wt % HA scaffolds were seeded with 2 million MC3T3-E1 

osteoblast cells. Constructs were cultured in alpha-minimum essential medium 

supplemented with 2% penicillin/streptomycin, 1% L-glutamine, 10% foetal bovine 

serum and 0.1% amphotericin (Sigma-Aldrich Ireland, Dublin) for 3 days to allow 

proliferation before the medium was supplemented with lOnM /?-glycerophosphate and 

50 pg/mL ascorbic acid (Sigma-Aldrich Ireland, Dublin) for the remaining 3 days of the 

pre-culture period.

6.2.3 Bioreactor culture

Six scaffold chambers were used for each experiment and each experiment was repeated 

at least twice, providing a total sample size of 12 per group. The scaffolds were 

stimulated with a flow pattern incorporating both short- and long-term rest periods for 

169 hours. A steady and a rest-inserted group were used. Both experienced an 8 hour 

cycle of 1 hour of stimulation followed by 7 hours of no flow. During the stimulation 

period, the steady group experienced steady flow at 1 mL/min and the rest-inserted group
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experienced a 5 second period of no flow after every 10 seconds of 1 mL/min flow. The 

stimulation patterns are illustrated in Figure 6.2.

0 5 10 15 20
Time (hours)

25

Figure 6.2 Stimulation patterns used both short- and long-term rest periods. Short-term 
rests were of duration 5 seconds. Long-term rests were 7 hours in duration.

Three different control groups, as described in Chapter 3, were used to assess the effect 

of bioreactor culture on cellular activity. The first was a static control group, in which 

cell-seeded constructs were maintained in a six well plate in an incubator, as is normal 

when culturing constructs in our laboratory. The second was a bioreactor control, in 

which constructs were placed into the bioreactor and immediately removed. The third
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control group was a timed control group. This group was left in the bioreactor for 169 

hours with the pump remaining off and therefore no fluid flowing. A synopsis of all the 

groups used is shown in Table 6.1. After the culture period, constructs were removed 

from static or bioreactor culture and either flash frozen or fixed in formalin.

In bioreactor? Flow? Short-term
Rest-insertion?

Long-term
Rest-

insertion?

Length
of

culture
(hours)

Bioreactor
control

Yes No 0

Timed
control

Yes No 169

Static No No 169
Steady Yes Yes No Yes 169

Rest-inserted Yes Yes Yes, 5 seconds Yes 169

Table 6.1 Groups used during experiment. “Length of culture” is timed from the end of
the pre-culture period.

6.2.4 Cell number quantiHcation

Scaffolds were homogenised as described in Chapter 5 and cell number was quantified as 

described in Chapter 3. Briefly, constructs were digested and homogenised, samples of 

the digested constructs were mixed with Hoechst dye and the fluorescence read and 

compared to a standard curve. The protocol followed is in Appendix B.

6.2.5 Gene expression

Gene expression was analysed in a similar manner to that described in Chapter 3. Briefly, 

RNA was extracted using a Rneasy lipid tissue mini kit (Qiagen, USA), quantified and 

used for reverse transcription. Realtime PCR was then carried out. Results were 

quantified for collagen-1 (COL-1), alkaline phosphatase (ALP), osteopontin (OPN) and 

osteocalcin (OC) via relative quantification using 18-S rRNA as the endogenous
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reference. In a similar manner Chapter 3, results are expressed relative to the bioreactor 

control group (AA Ct method). All PCR reactions were conducted in triplicate for each 

sample.

6.2.6 Histology

Preparation of histological sections was done as described in Chapter 3. Briefly, scaffolds 

were fixed in formalin, processed in a tissue processor, embedded in wax either 

longitudinally or transversely and sectioned on a microtome at 10 pm. For all staining 

methods, wax was removed from the sections in a xylene bath and sections were hydrated 

to water in a series of ethanol baths. Digital images of all stained sections were obtained 

using an imaging system (NIS Elements Basic Research Version 3.0, Nikon, USA) in 

conjunction with a microscope (Nikon Eclip.se 90i, Nikon, USA).

Cell distribution

Haematoxylin and eosin staining was used to look at cell distribution, as described in 

Chapter 3.

Mineralisation

Alizarin red staining was used to examine mineralisation, as described in Chapter 5. A 

blank scaffold, that was not cultured at all, was used as a control. Quantification of 

mineralisation was carried out using 10% v/v acetic acid to absorb the alizarin red stain 

from sections that had been exposed to this stain [178]. There were four scaffold sections 

per slide: two per slide were quantified, leaving two other sections per slide for 

examination under the microscope. 600 pL of acetic acid solution was pipetted onto the 

slides and the stain was desorbed for 30 minutes. The solution was pipetted into 1.5 mL 

tubes which were closed tightly and heated to 85°C for 10 minutes in a water bath. Tubes 

were cooled on ice for five minutes and then centrifuged at 13000 r.p.m. for 15 minutes. 

500 pL of the solution was put into fresh tubes and 200 pL 10 % v/v ammonium 

hydroxide added to neutralise the acid. 150 pL was pipetted in triplicate into the wells of 

a 96 well plate. Absorbance readings at 405 nm were obtained on a Wallac Victor""" 1420
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multilabel counter (Perkin Elmer Life Sciences, Finland) and readings for samples of 

neutralised acid subtracted. As the level of staining increases, the absorbance reading 

increases, and thus, mineralisation can be quantified. DPX mountant was used to attach 

cover slips over the remaining 2 sections on each slide. This method enabled quantified 

data to be compared to qualitative histological data.

6.2.7 Construct mechanical properties

Following culture, unconfmed compression testing of five or more scaffold samples from 

each group was carried out using a mechanical testing machine (Z050, Zwick/Roell, 

Germany) fitted with a 5 N load cell. All testing was carried out in a bath of PBS with 

impermeable, unlubricated platens, at a strain rate of 10% per minute. The modulus was 

defined as the slope of a linear fit to the stress-strain curve over 2-5% strain [81].

6.2.8 Construct architecture

Following culture, one sample in each group was scanned using a microCT scanner 

(m.CT-40, Scanco, Bassersdorf, Switzerland) as described in Chapter 4, to examine if any 

mineralisation could be seen over the culture period.

6.2.9 Construct permeability

Following culture, construct permeability was measured in the same manner as described 

in Chapter 4. Briefly, constructs were placed into the permeability rig (see Appendix C 

foi more detail) under a 15 cm column of water which was allowed to flow through the 

constructs for five minutes. The volume of water that passed through the construct over 

this time period was used to calculate the volume flow rate which in turn, in conjunction 

wi h the construct height and cross sectional area, was used to work out the permeability.
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6.2.10 Statistical analysis

Statistics were done in Minitab 15, using a general linear model ANOVA with the Tukey 

test as the post-hoc test. General linear model ANOVA is precisely the same as 1 way 

ANOVA when 1 factor is used and as 2 way ANOVA when 2 factors are used in the 

model. Its strength lies in that it can be extended to examine the effect of multiple factors 

on the data, all in one statistical test. The Tukey test is a conservative test used for 

examining differences within groups once an overall significant effect of a factor has 

been pinpointed by ANOVA. Non-normal data was normalised using logarithmic or 

square root transforms so that the conditions of the statistical test were met. Statistical 

significance was taken at p<0.05.
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6.3 Results

6.3.1 Cell number quantification

Cell number was found to decrease significantly on all groups cultured in the bioreactor, 

compared to the bioreactor control and static groups (Figure 6.3, p<0.04). This was the 

case whether the constructs had experienced flow or not, as the timed control group was 

found to have similar cell number to the steady and rest-inserted groups (see Table 6.1 for 

experimental groups).
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Figure 6.3 Cell number on the five different groups. n=6 and error bars represent standard 
deviations. * represents p<0.04. The static and bioreactor control groups had 

significantly more cells than the steady and rest-inserted groups. The static group also 
had significantly more cells than the timed control group after the culture period.

6.3.2 Gene expression

Similarly to the case in Chapter 3, data using real time RT-PCR was found to be skewed 

so all data was transformed with an appropriate function to enable compliance with 

normality and equal variance criteria [160]. In all cases, the bioreactor control group was
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taken as the base level and scaled to 1. The increase or decrease in gene expression was 

then calculated as a fold change compared to the bioreactor control group. Collagen 1 

(COL-1) expression decreased significantly on all groups cultured in the bioreactor for 

169 hours compared to the static group (Figure 6.4 A, p<0.00005). The bioreactor control 

showed significantly higher expression than all other bioreactor groups (p<0.00005) but 

significantly lower expression than the static group (p<0.00005). The trends seen in 

expression of alkaline phosphatase (ALP) were similar, with the static group showing 

significantly higher expression than all bioreactor groups, including the bioreactor control 

(Figure 6.4 B, p<0.0104). The opposite trends were seen in the case of osteopontin 

(OPN). For OPN, higher expression was seen in bioreactor cultured groups, while the 

static group displayed the lowest expression (Figure 6.4 C). Expression w'as significantly 

higher than the static group for both the timed control group and the steady group 

(p<0.0224), while there was a trend noted for expression on the rest-inserted group to be 

higher than the static group (p=0.0817). A trend was also noted for expression on the 

bioreactor control to be lower than on the timed control group (p=0.0507). Similarly to 

COL-1 and ALP, osteocalcin (OC) expression was significantly higher on the static 

group than on all bioreactor groups (Figure 6.4 D, p<0.0006).
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Figure 6.4 Gene expression on the five different groups. n=6 and error bars represent 
standard deviations. A shows COL-1 expression and * represents p<0.00005. Other 

significant differences not shown on the graph for clarity for this gene were: bioreactor 
control V timed control, steady and rest-inserted (p<0.00005). Expression decreased 
significantly on all groups cultured in the bioreactor for 169 hours compared to the 

static group (p<0.00005). The bioreactor control showed significantly higher 
expression than all other bioreactor groups (p<0.00005) but significantly lower 
expression than the static group (p<0.00005). B shows ALP expression and * 

represents p<0.0104. The static group showed significantly higher expression than all 
bioreactor groups, including the bioreactor control (p<0.0104). C shows OPN 

expression and * represents p<0.0224. Other trends noted for this gene were: static v 
rest-inserted (p=0.0817) and bioreactor control v timed control (p=0.0507). Higher 

expression was seen in bioreactor cultured groups, while the static group displayed the 
lowest expression. Expression was significantly higher than the static group for both 

the timed control group and the steady group (p<0.0224), while there was a trend 
noted for expression on the rest-inserted group to be higher than the static group 
(p=0.0817). A trend was also noted for expression on the bioreactor control to be 
lower than on the timed control group (p=0.0507). D shows OC expression and * 

represents p<0.0006. Expression was significantly higher on the static group than on
all bioreactor groups (p<0.0006).

6.3.3 Histology

Cell distribution

Cells were seen predominantly on the periphery of the bioreactor control group, with a 

small amount of infiltration noted (Figure 6.5). This distribution was also seen in the 

timed control, but with a more pronounced encapsulation effect and less infiltration of 

cells towards the centre of the scaffold due to the longer culture of this group. Similarly 

to the case in Chapters 3 and 5, encapsulation and little infiltration were evident in the

190



static group. For the flow groups, good infiltration of cells and a lack of encapsulation 

was seen in some cases, however the results were variable and some constructs exhibited 

encapsulation and little infiltration (see Discussion).
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Figure 6.5 Longitudinal haematoxylin and eosin stained sections of each of the five 
groups. All sections at depths of 580-1150 pm from the centre of the constructs. Blue 

arrows show areas of encapsulation. Green arrows show areas of infiltration.
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Mineralisation

In longitudinal sections (Figure 6.6), all constructs that had been cultured in osteogenic 

media showed patchy, light alizarin red staining throughout the construct which appears 

to be due to both the presence of HA in the scaffold and precipitates of mineral forming 

during culture. The staining was present in areas of little or no cell infiltration. Blank 

scaffolds did not show the same degree of staining as they had not been cultured in 

osteogenic medium. Flow group scaffolds appeared to show slightly more staining than 

groups that had not experienced flow. As this staining coincided with areas of cell 

infdtration (Figure 6.5), it is presumably due to mineralisation by the cells.

Transverse sections (Figure 6.7) from near the surface of all constructs showed a greater 

degree of staining than the blank scaffold and appeared to show the onset of 

mineralisation. Transverse sections of flow group scaffolds showed what appeared to be 

slightly less mineralisation than the control groups, but still more staining than the blank 

.scaffold.

Upon quantification (Figure 6.8), it was found that there was no significant difference in 

mineralisation between the groups (p>0.3395). However, the average amount of alizarin 

red staining increased on all the cultured groups compared to the blank scaffold.
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Figure 6.6 Longitudinal alizarin red stained sections of all the groups, including a blank 
scaffold. There is possibly slightly more staining on the flow group constructs
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Figure 6.7 Transverse alizarin red stained sections of all the groups, including a blank 
scaffold. All sections taken from within 300 pm of the construct surface. Flow groups 
appeared to stain less than control groups, although all groups stained more than the

blank scaffold.
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Figure 6.8 Quantified alizarin red readings. No significant difference were noted between 
groups (p>0.3395). n=4 and error bars represent standard deviations

6.3.4 Construct mechanical properties

The compressive modulus of the constructs did not change significantly due to bioreactor 

culture (Figure 6.9). Steady and rest-inserted groups retained the same stiffness as the 

static and timed control groups, showing that the flow did not enhance degradation of the 

constructs.
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Figure 6.9 Young’s modulus of the five groups. No significant differences were seen 
between groups. n=5 and error bars represent standard deviations
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6.3.5 Construct architecture

3-D microCT reconstructions of the five different groups showed little differences 

between the groups and no evidence of mineralisaton. All constructs maintained their 

integrity over the culture period (Figure 6.10)

Bioreactor control

Static

Timed control

Steady

Rest-inserted

Figure 6.10 3-D microCT reconstructions of constructs from the 5 groups.
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6.3.6 Construct permeability

Culture under flow in the bioreactor, whether steady or rest-inserted, increased the 

permeability of the constructs compared to both the bioreactor control and static groups 

(Figure 6.11, p<0.0101). A trend was also noted for the timed control group to have 

higher permeability than the static group (p=0.0814).
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Figure 6.11 Permeability of the five different groups. * represents p<0.0101. Steady and 
rest-inserted groups showed significantly higher permeability than static and 
bioreactor control groups. Another notable trend was: timed control v static 
(p=0.0814). Bioreactor culture increases the permeability of the constructs.
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6.4 Discussion

The aim of this study was to combine the optimal collagen-HA (CHA) scaffold 

developed and characterised in Chapters 4 and 5 with information obtained investigating 

the effects of rest-inserted flow in a flow perfusion bioreactor (see Chapter 3). To do this, 

the most promising CHA scaffold, the 200 wt % HA scaffold, was combined with the 

most promising stimulation pattern used in the bioreactor, 5 second rest-inserted flow. 

Constructs were stimulated for a longer culture period in the bioreactor than was used 

previously in order to assess the effect this had on bone formation and to see if the onset 

of mineralisation could be enhanced due to longer term culture in the bioreactor.

Results showed that there was a significant decrease in cell number on the constructs 

cultured in the bioreactor compared to those cultured statically. The flow pattern was 

altered to eliminate the 7 hours of 0.05 mL/min between each 1 hour bout of stimulation 

(see Chapter 3) and replace it with 7 hours of no flow. This was based on 

experimentation which showed that using a continuous flow rate of 0.05 mL/min 

significantly reduced cell number compared to statically cultured constructs [18] and on 

preliminary experiments that showed that decreases in cell number could be mitigated by 

eliminating the low flow step. While average cell number after the 169 hour culture 

period was lower than static or bioreactor control groups, it was comparable to average 

cell number on all flow groups at 49 hours in the earlier study (average at 169 hours was 

1.09 million cells, average at 49 hours was 1.2 million cells). It appears that cell retention 

on the constructs is increased due to the absence of the 7 hours of 0.05 mL/min. The 

ability to retain similar cell numbers at 169 hours as at 49 hours is very promising.

Lfsing a no flow period for 7 hours results in the constructs being in an equivalent of 

static culture for this period of time. There is roughly 1 mL of medium surrounding the 

constructs for this 7 hour period, which appears to be enough to nourish the cells and 

dilute toxic products. In addition, cell number was found to remain eonstant on constructs 

cultured for up to 49 hours in the bioreactor with the pump remaining off and no medium
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flowing (timed control group in Chapter 3). In contrast, cell number decreased 

significantly on the timed control group in this study. This group was cultured under no 

flow conditions in the bioreactor for 169 hours, and this has had a detrimental impact on 

cell number. It seems that limited diffusion of nutrients and waste products has caused 

the decrease in cell number seen on this group.

Gene expression results showed that collagen 1 (COL-1), alkaline phosphatase (ALP) and 

osteocalcin (OC) expression were significantly higher on the static group than on all 

other groups. In contrast to the other genes, osteopontin (OPN) expression was 

significantly higher on the timed control and steady groups than on the static group, and a 

trend was noted for the rest-inserted group to show higher expression of this gene also. 

OPN is thought to have multiple functions; it promotes cell attachment, is involved in cell 

migration, has been implicated in the prevention of apoptosis and regulates mineral 

crystal growth and formation [123, 125]. While it may be that OPN’s upregulaton is 

associated with osteogenesis in this case, it may also be the case that OPN levels have 

increased to promote one of its other functions. It has a role in cell attachment, and since 

cells are experiencing shear stress in the bioreactor and are being washed off the 

constructs, the upregulation of OPN may be an attempt by the cells to remain attached to 

the constructs. OPN also has a role in the prevention of apoptosis and may be upregulated 

in this case to increase cell survival rates on the bioreactor cultured constructs. However, 

the fact that three bone formation markers were downregulated while only one was 

upregulated under bioreactor culture suggests that culture for 169 hours does not enhance 

osteogenesis.

Cellular distribution was enhanced by flow in the bioreactor in some cases. However, in 

contrast to stimulation for 24 or 49 hours, stimulation for 169 hours was found to deliver 

variable results. In addition to constructs with improved distribution, some constructs 

showed a similar distribution to the static constructs, with cells residing predominantly on 

the periphery (see Figure 6.12). As was seen in Chapter 5, cell infiltration depends upon 

how long a construct remains in static culture, with a shorter static culture period 

providing better infiltration than a longer one. Even after 7 days in culture, however.
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some encapsulation was seen. In Chapter 5, it was also seen that the 200 wt % HA 

scaffold mineralised earlier and to a greater extent than the collagen-only scaffold. It may 

therefore be the case that a 6 day pre-culture is too long a period to use with the 200 wt % 

HA scaffold. Cells may have already begun to lay extracellular matrix, beginning to 

block the route to the interior of the construct and limiting their ability to move towards 

the centre of the construct. In addition to using a different scaffold, another difference to 

the study in Chapter 3 was the use of osteogenic medium. In this study, osteogenic 

medium was used from day 3 of the pre-culture period and at all times during bioreactor 

culture. Osteogenic medium is usually introduced to culture once cells are confluent 

[179]. In one study, 2-D cultures of MC3T3-EI cells were cultured with ascorbic acid for 

4 weeks before the introduction of /?-glycerophosphate [173]. Its use in this study at an 

early time point may have discouraged cell migration under bioreactor culture and 

encouraged matrix deposition on the surface of the constructs. A solution to this may be 

to culture without osteogenic supplements for the pre-culture and first few days of 

bioreactor culture before introducing osteogenic medium into the system. An alternative 

cause of the variability in infiltration seen might be the absence of the 7 hour low flow 

period. While there may be enough medium in the scaffold chamber to allow cells to 

survive on the construct periphery for 49 hours (as was seen in Chapter 3 with the timed 

control group), it may be the case that 7 hours without flow is enough time for the interior

of the construct to become toxic and hence, decrease cell viability there.
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Figure 6.12 Longitudinal haematoxylin and eosin stained sections of the two flow groups. 
All sections at depths of 430-770 pm from the centre of the constructs. Blue arrows

show areas of encapsulation.
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While a small amount of mineralisation was seen on all groups in transverse histological 

slices stained with alizarin red, in the quantified alizarin red results this increase was not 

found to be significant. On the flow group constructs with the improved distribution, 

there appeared to be slightly less alizarin red staining, but a difference was not seen upon 

quantification (p>0.548). On the flow group constructs with the majority of cells on the 

periphery, alizarin red staining was similar to that seen on the static group (see Figure 

6.13). Evidence of mineralisation was not found in the microCT reconstructions. In 

Chapter 5, mineralisation only became visible using microCT after 28 days in culture. In 

this study, using a total culture period of 13 days, including pre-culture, it was probably 

too early to look for mineralisation using microCT. In 2-D culture of MC3T3s, 

mineralisation has not been found to begin until day 16 [180]. In bioreactor culture of 

goat bone marrow stromal cells on a calcium phosphate scaffold, 19 days of culture were 

required before mineralisation was identified [8], so finding even the start of 

mineralisation at 13 days is quite early.

m
Steady Rest-inserted

Figure 6.13 Transverse alizarin red stained sections of the two flow groups. All sections 
taken from within 300 pm of the construct surface.

The compressive modulus of the constructs remained constant across the groups, which is 

evidence, along with the microCT reconstructions, of the absence of degradation caused 

by flow. It was interesting to note that the permeability increased on the steady and rest- 

inserted groups over the static and bioreactor control groups. This is presumably due the
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decrease in cell number and matrix deposition on the surface of the flow groups. The 

permeability is limited by the densest layer of material fluid has to pass through during 

testing, so even a thin layer of matrix deposition on the surface of a construct can 

decrease the permeability by a significant amount. The permeability of the flow groups 

was still lower than the permeability of the blank 200 wt % HA scaffold, presumably due 

to the presence of cells and extracellular matrix they laid down on the constructs.

6.5 Conclusion

To summarise, while cell number decreased on the constructs cultured in the bioreactor 

for 169 hours, cell numbers were similar to those seen after only 49 hours of flow in 

earlier experimentation. The static group showed the highest expression of collagen-1, 

alkaline phosphatase and osteocalcin after the culture period. No difference in expression 

was seen between steady and rest-inserted groups for these genes. However, osteopontin 

expression was increased due to bioreactor culture. The variability seen in cell 

distribution on the flow group constructs was in contrast to the improved distribution 

seen using bioreactor culture for shorter periods of time. The onset on mineralisation was 

seen in alizarin red stained sections of all constructs. No increase in compressive modulus 

was seen on any of the groups. The permeability of constructs cultured under flow in the 

bioreactor was higher than those cultured statically. Taken with the improved cell 

distribution seen on some of the bioreactor cultured scaffolds, this is promising, as it 

shows that the encapsulation and deposition of extracellular matrix on the surface of the 

constructs is diminished by culture under flow in the bioreactor.
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7.1 Introduction

The tissue engineering triad involves combining scaffolds, cells and signalling 

mechanisms to form tissue in the laboratory. This is a complex process with many 

variables. In this work, the focus was on two aspects of the triad: scaffold development 

and signalling using a bioreactor. The general aim in this work was to develop a tissue- 

engineered construct with enhanced osteogenic capabilities due to its structural and 

material properties, populated by a homogeneous distribution of stimulated cells. 

Numerous scaffolds for bone tissue engineering have shown promise, particularly those 

made of composite materials [10-13]. Following on from this work, combined with 

expertise on the fabrication of the collagen-glycosaminoglycan (CG) scaffold in our 

laboratory, a scaffold of collagen and hydroxyapatite was developed and characterized. 

To develop bone graft substitutes of sufficient size to be used clinically, nutrient and 

waste exchange at the centre of constructs has to be improved, so that necrotic regions do 

not develop. Bioreactors have been shown to improve fluid transport throughout 

constructs [1, 8, 14-16] as well as stimulating cells to upregulate bone formation markers 

[16-23]. In this work, a flow perfusion bioreactor was validated and the effect of flow 

perfusion on improving cellular distribution and osteogenic stimulation evaluated. Details 

of the results obtained and their implications are discussed below.

7.2 Validation of flow perfusion bioreactor

The flow perfusion bioreactor used in our laboratory was designed for use with compliant 

scaffolds, such as the CG scaffold [148]. It was also intended to be a versatile system that 

could use various different flow profiles for the stimulation of cells on a 3-D construct. 

Unlike bioreactor systems for use with stiffer constructs [1, 141], the constructs could not 

be simply press-fit into place, as the medium would flow around the compliant construct 

instead of through it if this were attempted. Two methods were used in designing the 

bioreactor to ensure that compliant constructs were perfused with flow: the flow path was 

of smaller diameter than the construct used and the construct was kept under 10% 

compression. The choice of pump was important in developing a system in which
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numerous flow profiles used in other bioreactor studies [19, 132, 134] could be analysed. 

A programmable pump was chosen so that steady, pulsatile, oscillatory and rest-inserted 

flow could all be used in the bioreactor system.

After fabrication, the bioreactor had to be validated to ensure that the design delivered on 

the required constraints. Validation of the flow perfusion bioreactor ensured that the 

stimulus input to the bioreactor system travelled to a cell-seeded construct in the scaffold 

chamber without distortion. This was vital for all experimentation subsequently 

completed with the bioreactor. Two aspects were assessed during validation of the 

bioreactor. The first was the perfusion of compliant .scaffolds housed in the scaffold 

chamber. This work was undertaken by Dr. Mike Jaasma, a post-doctoral researcher in 

our laboratory and it was proved that flow perfused through the scaffolds rather than 

flowing around them [148]. The second aspect was the assessment of three different flow 

profiles commonly used in bioreactor culture, as discussed in Chapter 2. It was important 

to ensure that steady, pulsatile and oscillatory flow introduced to the system by the pump 

would travel to and through the scaffold chamber.

Steady, pulsatile and oscillatory flow were all measured successfully in the bioreactor 

using laser Doppler flowmetry (LDF). LDF uses the Doppler effect to measure the fluid 

velocity. It was found that all flow types travelled through the scaffold chamber without 

distortion. It was also proved that all six syringe positions on the pump could be used 

without affecting flow profile, so six constructs could be stimulated simultaneously in the 

bioreactor without any confounding effects due to scaffold chamber position. Simpler 

dynamic flow programs were written for the pump and the output using these programs 

was very similar to longer programs. This was a very important result, as it meant that 

programming restrictions could be overcome and that more complex programs 

incorporating, for example, rest-insertion, could be used with the pump without 

detrimentally affecting the flow profile of dynamic flow types.

The two major objectives in validating the apparatus were met: flow does perfuse through 

scaffolds housed in the scaffold chamber and flow profiles introduced to the system by
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the pump are transferred to and through the scaffold chamber. The flow perfusion 

bioreactor was thus satisfactorily validated. This was a vital step and provided the 

foundation upon which all subsequent work using the bioreactor was based. While 

bioreactor validation is not often reported, when using compliant scaffolds under various 

flow regimes, it is a necessary step to ensure that the design criteria of the bioreactor have 

been met and that conclusions drawn from use of the bioreactor are valid.

7.3 Cellular response to rest-inserted flow in a flow perfusion 
bioreactor

The first study using the validated bioreactor in our laboratory looked at the effects of 

steady, pulsatile and oscillatory flow on CG scaffolds seeded with MC3T3-E1 pre

osteoblasts. This work was undertaken by Dr. Mike Jaasma. All three profiles 

upregulated early stage bone formation markers in comparison to static culture [18]. 

However, the results showed little difference between the three different flow profiles 

[18], despite accounts in the literature of marked differences between the three [134]. The 

beneficial effect of a long-term rest-period of 7 hours introduced after each bout of 

stimulation was also noted. Compared to a continuous flow group, gene expression of 

bone formation markers was upregulated due to the use of a stimulation period followed 

by a long-term rest. Cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) 

production were both lower on the continuous flow group compared to the stimulated 

groups [18]. This effect has also been noted in vivo, where the use of rest-periods has 

been shown to enhance bone formation [24]. Cellular distribution was also enhanced on 

the constructs cultured in the bioreactor, as many others have found [1, 8, 14-16].

Following on from this work, further investigation into the effects of rest-insertion was 

warranted. In Chapter 3, a study on the effects of short-term rest-insertion was presented. 

Both in vivo and in vitro studies had found that rests of the order of seconds have an 

osteogenic and a stimulatory effect, respectively [17, 24]. However, this phenomenon had 

not been examined in 3-D in vitro. Therefore, the effect of shoit-tenn rest periods of 5, 

10 or 15 seconds in addition to steady flow was examined in combination with the long-
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term rest period of 7 hours, as used in the Jaasma study [18]. Differences between the 

different groups cultured in the bioreactor were found to be small, in contrast to what has 

been found in vivo and in 2-D in vitro [17, 24], However, the 5 second rest-inserted group 

showed the most promising results, with a significant upregulation of osteopontin (OPN) 

on this group compared to all other groups and a smaller downregulation of alkaline 

phosphatase (ALP) compared to other bioreactor-cultured groups. The mechanical 

environment in which cells are cultured is vastly different in 3-D to 2-D. This is 

presumably why large differences seen using different flow profiles in 2-D [17, 134] 

were not seen in the Jaasma study [18] or in this study. Another factor is duration of 

stimulation. In many 2-D studies in which differences have been found between flow 

profiles, cells are only stimulated for minutes or hours [17, 113, 128, 131, 132, 134]. In 

this case, the maximum time in bioreactor culture was over 2 days. It may be the case that 

differences seen in 2-D over short culture periods disappear over longer culture periods, 

as was seen when rat osteoprogenitor cells were cultured for 7 days under pulsatile flow 

[124].

Bioreactor culture was found to decrease cell number but to improve cell distribution 

compared to constructs cultured statically. This improvement in cell distribution is vital 

for the development of homogeneous tissue-engineered constructs. Other studies have 

shown proliferation of cells cultured in bioreactors, or similar DNA levels to that of static 

group constructs [1, 16]. In this work, the only groups that showed similar cell numbers 

to static group constructs were the groups cultured in the bioreactor for just 1 hour. Both 

25 and 49 hours of culture in the bioreactor caused significant decreases in cell number, 

compared to the static group. This is despite using a 6 day pre-culture period to allow for 

cell attachment. This demonstrated that some alteration was needed to the flow pattern 

used in order to retain more cells on the constructs.

The constructs were cultured for up to 49 hours in the bioreactor during this study. In 

combination with a 6 day pre-culture period, this was a total of just over 8 days in 

culture. As a first step to examining the effect of bioreactor culture, this was an ample 

culture period but if bioreactors are to be used to enhance osteogenesis, longer culture
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periods than this are needed. In static 2-D culture of MC3T3 cells, mineralisation has 

been shown to initiate after 16 days of culture [180], In 3-D CG constructs, 

mineralisation has been shown to occur after 21 days [78]. If gene expression 

upregulation, as has been found in numerous bioreactor studies [17, 113, 128, 131, 132, 

134] can translate into earlier mineralisation, as has also been found in some cases [140, 

181], bioreactor culture of shorter periods than 16 or 21 days will be needed, but it will 

still be longer than the 49 hours presented in Chapter 3. A study using longer culture 

periods in the bioreactor was presented in Chapter 6.

7.4 Development and characterisation of collagen-HA 
constructs

In Chapters 4 and 5, the development, characterisation and osteogenic capability of 

collagen-HA scaffolds was presented. Composite materials have shown great promise for 

use as scaffolds in tissue engineering. In our laboratory, CG scaffolds have been 

developed for bone tissue engineering by altering the composition [165] and pore 

structure [106] of scaffolds optimised for skin regeneration [77]. Due to the encouraging 

results obtained using these and other composites, composite scaffolds for bone tissue 

engineering were produced using the two major constituents of bone: collagen and HA.

A range of composite scaffolds of collagen and HA (CHA scaffolds) was fabricated in 

HA:collagen ratios of 1:2, 1:1 and 2:1 using a lyophilisation (freeze-drying) process. The 

compressive modulus of the fabricated scaffolds was lower than that of synthetic 

polymer/ceramic composites [83, 84] but significantly higher than collagen-only, and CG 

scaffolds such as those used commonly in our laboratory (and in Chapter 2). Nonetheless 

the moduli are still low (E of 200 wt % HA scaffold = 3.1 kPa) in comparison to bone 

which is sometimes considered a negative property of scaffolds for bone repair. 

However, in tissue engineering, it is not necessary for the scaffold parameters to match 

those of bone (E of trabecular bone = 60-600 MPa [80]), as in vitro mineralisation of the 

cell-seeded scaffold should stiffen the scaffold and, furthermore, most clinical bone grafts 

require some type of additional fixation (pins, plates etc.) to allow load-bearing during
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healing. Tissue engineering requires highly porous scaffolds for cell attachment and 

proliferation to occur [36, 37], The CHA scaffolds fabricated had a minimum of 99% 

porosity. While this is slightly lower than the CG scaffold [79], it is higher than many 

commercially available bone graft alternatives [34, 93, 102, 182] and is an advantage of 

the scaffolds over these products. The permeability of the scaffolds also increased with 

the presence of HA. Permeability is another important parameter in tissue engineering, as 

it is a measure of the fluid transport capabilities of the scaffold. All scaffolds tested were 

found to have permeabilities in the range reported for trabecular bone [172]. Permeability 

is not a widely reported characteristic of commercially available bone graft alternatives, 

but it is interlinked with pore interconnectivity, which is a desirable feature [35, 182]. 

High permeability should also improve scaffold diffusion properties and therefore 

cellular infiltration towards the centre of tissue engineered constructs.

The lyophilisation process used in fabricating the scaffolds is versatile and controllable. 

The method does not require the use of any toxic substances during the fabrication 

process (as 3-D printing does [39]) and it provides a high degree of control over the pore 

structure of the resulting scaffold, which is unobtainable using electrospinning [104]. 

Pore size can be controlled by controlling the freezing rate, the undercooling temperature 

and introducing an annealing step into the lyophilisation cycle [31, 106]. Pore size has 

been shown to affect cell attachment [79], so controllability of this parameter is of the 

utmost importance. In this work, scaffolds were made at one final freezing temperature, - 

40°C, which provides a pore size of 120 pm in CG scaffolds [106]. In metals, the 

introduction of particles into a melt increases the nucleation and leads to a smaller grain 

size [105]. This could mean that the introduction of HA particles into the slurry might 

cause a decrease in scaffold pore size. However, in microCT analysis of the scaffolds, a 

pore size of 130 pm was obtained for the 200 wt % HA scaffold. This gives some 

indication that the average pore size has not been altered considerably due to the presence 

of HA particles. However, no information on the distribution of pore size was obtained 

and noise in the microCT images may affect and distort this data. When porous 

hydroxyapatite implants were implanted subcutaneously in rats in an in vivo study to 

examine the effect of pore size on bone formation, it was found that pore sizes of 300-
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400 i^m resulted in more bone formation than implants of smaller pore sizes [183]. It is 

also known, however, that a pore size of 96 pm is optimal for cell attachment of MC3T3- 

E1 cells [79], Therefore, the flexibility and controllability of the lyophilisation fabrication 

method may prove useful in developing scaffolds of different pore sizes for use in various 

applications in the future.

The biocompatibility of the CHA scaffolds was found to be comparable to that of the 

collagen-only constructs Collagen in known to be a highly biocompatible biomaterial [73, 

74]. Examination of the biocompatibility of the CHA scaffolds showed that all the 

constructs tested were biocompatible, with cell viability being maintained at all points to 

the final 28 day time point. This scaffold property is of the utmost importance, as without 

this aspect, the scaffold simply cannot be used for tissue engineering or as a bone graft 

substitute. In addition, minerali-sation occurred on the constructs after a period of 28 days 

in cell culture. This is a vital parameter for the use of the construct as a tissue-engineered 

implant and the timeline for mineralisation is comparable with that of mineralisation of 

the CG scaffold [78]

Due to the promising, novel results obtained with the CHA constructs, a patent has been 

filed on the process for producing the composite scaffolds. The CHA scaffold and the 

process for its production was submitted to the European Patent Office (EPO) in 

February 2008 and published internationally under the Patent Cooperation Treaty (PCT) 

in August 2008 [169]. In addition, industrial contacts are interested in licensing the 

scaffold technology and negotiations are on-going to take this further, with a view to 

obtaining the CE mark.

The 200 wt % HA scaffold, composed of a 2:1 ratio of HA:collagen, was found to be the 

most promising scaffold of all the CHA scaffolds for a number of reasons. It retained an 

extremely high porosity, had a higher permeability than collagen-only scaffolds and a 

higher compressive modulus than collagen-only scaffolds. The presence of HA in the 

scaffold enabled it to be imaged using microcomputed tomography (microCT) and 3-D 

reconstructions of the scaffold’s architecture showed a highly interconnected and
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homogeneous structure, although the presence of background noise limited the amount of 

information that could be gleaned from the microCT reconstruction. The 200 wt % HA 

constructs also exhibited the highest initial cell attachment, and modest proliferation over 

time. Furthermore, alkaline phosphatase, osteopontin and osteocalcin expression on the 

200 wt % HA constructs was highest after 21 days in culture. These genes are linked to 

the maturation and mineralisation of osteoblast cultures [123] so it was encouraging to 

see their upregulation on the 200 wt % HA constructs. Evidence of mineralisation was 

also seen on this construct, beginning at 14 days and becoming more evident by 28 days. 

Quantification of this mineralisation confirmed the histological data, showing a 

significant increase in mineralisation on the 200 wt % HA constructs by 28 days.

The biocompatibility and osteogenic capability of the 200 wt % HA scaffold, along with 

its promising structural properties, meant it was the obvious choice for further 

experimentation. However, despite its high porosity and permeability, after 28 days in 

culture, the cell distribution on the scaffold was quite poor. Cells resided on the surface 

of the scaffold and this was the only area where mineralisation had occurred. This has 

been widely reported as a major problem in tissue engineering [1, 2]. The encapsulation 

effect and the deposition of mineral on the periphery of the construct resulted in a 

decreased permeability of the constructs, which further impedes nutrient delivery and 

waste removal at the centre of the constructs. As was seen in Chapter 3, the used of a 

flow perfusion bioreactor can improve the cell distribution on CG constructs. This 

appeared to be a solution to the problem and was investigated in Chapter 6.

7.5 Stimulation of colIagen-HA construct in the flow perfusion 
bioreactor

In Chapter 6, knowledge from Chapters 3, 4 and 5 was combined, culminating in a study 

to examine the ability of the flow perfusion bioreactor to encourage osteogenesis on the 

200 wt % HA construct. Constructs were stimulated for a longer culture period in the 

bioreactor than was used previously in order to assess the effect this had on bone

212



formation markers and to see if the onset of mineralisation could be enhanced with longer 

term culture in the bioreactor.

In Chapter 3, cell number was found to decrease due to bioreactor culture. This has also 

been found in other studies, both in 2-D and 3-D [19, 130, 141]. It is thought that 

shearing flow causes cells to become detached. To mitigate the effect of shearing flow in 

this study, the 7 hour low flow period was removed from the cycle and replaced with a 7 

hour period of no flow. This appeared to succeed, as cell numbers were similar after 169 

hours of flow to those at 49 hours in previous work. Unlike culture of 25 or 49 hours in 

the bioreactor, which provided more homogeneous cell distribution than static culture, 

bioreactor culture for 169 hours was found to deliver variable cell distribution. The 

omission of the low flow step may have caused this variability as the reduction in fluid 

transport may have encouraged cells to remain attached to the periphery of the constructs. 

An alternative cause of the difference seen in cell distribution from 49 hours to 169 hours 

is the use of two different scaffolds. In Chapter 5, it was seen that the 200 wt % HA 

scaffold mineralised earlier and to a greater extent than the collagen-only scaffold. It may 

therefore be the case that a 6 day pre-culture is too long for use with the 200 wt % HA 

scaffold. Cells may have already begun to lay extracellular matrix, beginning to block the 

route to the interior of the construct and limiting their ability to move towards the centre 

of the construct.

The scaffold used in this study, while different to the CG scaffold, shows similar results 

for fluid velocity and shear stress when analysed using computational fluid dynamics 

(Figure 7.1). This work was undertaken by Dr. Christian Jungreuthmayer, a post-doctoral 

researcher in our laboratory and was an extension of his work examining the shear 

stresses occurring in a CG scaffold cultured in the flow perfusion bioreactor [157, 158]. 

A 3-D micro-computed tomography reconstruction of the 200 wt % HA scaffold was 

obtained, and a computational fluid dynamic (CFD) simulation of one portion of the 

scaffold, chosen at random, was made based on this reconstruction. A constant inlet 

velocity of 0.235 mm/s (corresponding to a flow rate of 1 mL/min used in the bioreactor) 

was used and standard CFD parameters of assuming laminar flow, an incompressible
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Newtonian fluid with a viscosity of 0.001 Pa s, a no-slip boundary condition and zero 

pressure outlet were used. The average shear stress was 22 mPa using the 200 wt % HA 

scaffold, compared to 20 mPa for the CG scaffold. The maximum shear was higher for 

the 200 wt % HA scaffold, at 120 mPa, compared to 90 mPa for the CG scaffold, but 

only a wall area of roughly 3% would experience this higher shear stress. It therefore 

seems likely that results obtained using the two different scaffolds would be similar and 

results between the two scaffolds would thus allow comparison.
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Figure 7.1 Fluid velocity (on top) and wall shear stress (on bottom) distributions obtained 
using CFD. The 200 wt % HA scaffold (data in orange) is compared to 3 sample areas 
of CG scaffold (in shades of purple, see section 3.1 for more information) and shows 

similar distributions, although the peak shear stress and the peak fluid velocity are
higher.
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The static group showed the highest expression of collagen-1 (COL-1), alkaline 

phosphatase (ALP) and osteocalcin (OC) after the culture period. In contrast, osteopontin 

(OPN) was upregulated due to bioreactor culture, as others have also found [17, 23, 113]. 

Two hours of oscillatory fluid flow upregulated OPN expression in MC3T3-E1 cells over 

static controls[l 13]. One hour of short-term rest-inserted oscillatory fluid flow increased 

OPN expression in MC3T3-E1 cells over control cells experiencing oscillatory flow [17]. 

When bone marrow stromal cells were cultured under steady flow for 30 minutes every 

second day up to a total of 20 days in culture, OPN and bone sialoprotein were 

upregulated [19]. OPN and ALP levels increased due to continuous steady flow culture of 

bone marrow stromal cell seeded titanium meshes, with OPN increasing at earlier time 

points when stimulated by higher flow rates [181]. In that study, detection of OC was 

only possible after 13 days of bioreactor culture and extracellular matrix deposition was 

seen at day 16 [181]. In another study, marrow stromal cells stimulated by oscillatory 

flow showed decreased ALP activity with flow [131], so the results obtained in this study 

have some precedent in the literature. However, using continuous flow for a 7 day culture 

period can result in similar ALP and OC expression to static controls [16]. Cell 

attachment differs between scaffold types, particularly due to pore size [157]. Cells may 

attach along struts in large-pored scaffolds, but across struts in smaller-pored scaffolds, 

thus altering the shear stresses experienced by the cells hugely [157]. This would also 

affect bone formation marker levels and may go some way toward explaining the gene 

expression results obtained in this study. Despite the downregulation of three out of four 

bone formation markers in this study, some mineralisation was seen on all groups, 

including those cultured under flow in the bioreactor. In contrast, in pulsatile stimulation 

of bone marrow stromal cells, an initial increase in PGE2 was noted but after 7 days of 

bioreactor culture, this did not translate into increased mineralisation [124]. This shows 

the complex interactions between bone formation marker analysis and mineralisation.

To summarise the results for both bioreactor studies, shorter culture periods in the 

bioreactor (up to 49 hours) resulted in constructs with better cell distribution than static 

controls and in the upregulation of early stage bone formation markers as well as
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osteopontin. With longer culture, the initiation of mineralisation was found, even though 

later bone formation markers, with the exception of osteopontin, were downregulated. 

Alteration of the flow profile used in the bioreactor enabled a similar number of cells to 

be retained on the constructs at 169 hours as there had been at 49 hours. However, this 

alteration may have contributed to the variability seen in cell distribution at 169 hours. 

The results indicate that a balance must be struck between cell retention and improved 

cell distribution, so both can be achieved on constructs cultured in the bioreactor. With 

the correct stimulation and nutrient exchange in the bioreactor, it should be possible to 

overcome the variability seen and develop a more mineralised construct.

7.6 Future work

The use of a 6 day pre-culture period in conjunction with osteogenic medium may be 

causing variability in cell distribution in bioreactor-cultured constructs. The first step in 

future experimentation might be to examine this issue further. It may prove possible to 

use the bioreactor to improve seeding of constructs in addition to osteogenic stimulation. 

This might deliver homogeneous cell distribution from the beginning of the culture 

period, thus eliminating the pre-culture step and encouraging extracellular matrix 

deposition and mineralisation to occur throughout the scaffold. Once homogeneous cell 

distribution had been achieved, osteogenic medium could be introduced into culture to 

allow for mineralisation.

It has been found that pore size affects cell attachment [79]. A range of 200 wt % HA 

scaffolds of different pore sizes could be fabricated using lyophilisaton by altering the 

final freezing temperature or adding an annealing step to allow for crystal (and hence 

pore) growth [106]. This would provide a further improved scaffold which might allow 

for increased vascularisation which requires large pore sizes [183]. Larger pore sizes may 

also be of benefit in bone formation and in chondrogenesis [183, 184]

Bioreactor culture can improve fluid transport throughout scaffolds, but once the flow of 

medium through the construct is switched off, necrotic regions on the interior of tissue- 

engineered constructs may develop. If the construct is used in vivo, vascularisation of the
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construct is vital for the survival of tissue at its centre. Instead of developing a construct 

using osteoblasts alone, another strategy would be to develop a construct in which 

vascularisation is encouraged in vitro before implantation in vivo. Some success has 

already been achieved in culturing vascular tissue in both rotating wall vessels [185] and 

biomimetic bioreactors [186, 187], Biomimetic bioreactors use combinations of strain 

and perfusion to stimulate vascular tissue development. By combining a CHA scaffold 

with a pore size tailored for both bone formation and vascularisation, with enhanced fluid 

transport and stimulation in the bioreactor, a vascularised and mineralised construct could 

be developed.

7.7 Conclusions

• A flow perfusion bioreactor has been successfully validated for use in 

stimulating cells on cell-seeded constructs under steady, pulsatile or 

oscillatory flow. Validation involved proving that flow patterns did not alter 

as they passed through the scaffold chamber and that the flow rates and 

frequencies programmed into the pump were achieved in the bioreactor 

system.

• After 49 hours of rest-inserted flow, a short-term rest-period of 5 seconds 

enhanced stimulation of cells, due to the upregulation of the bone formation 

markers cyclooxygenase-2, prostaglandin E2 and osteopontin. Culture periods 

of 25 or 49 hours in the bioreactor also enhanced cell distribution, providing a 

more homogeneous construct after the culture period.

• A range of collagen-HA (CHA) scaffolds has been produced that are highly 

porous and permeable and due to their novel properties, have been patented 

and are in the process of being commercialised [169]. The CHA scaffolds are 

biocompatible and show good osteogenic capabilities: after 28 days in culture, 

cells remain viable on the scaffolds and mineralisation is seen. Of the scaffold 

range tested, the 200 wt % HA scaffold has the most promising properties
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making it an attractive scaffold for use in bone tissue engineering or as a bone

graft substitute.

• Early stage bone formation markers are upregulated due to flow and cell 

distribution is enhanced after up to 49 hours of culture. After 169 hours of 

bioreactor culture, while osteopontin is upregulated, collagen-1, alkaline 

phosphatase and osteocalcin are downregulated. Despite this downregulation, 

the initiation of mineralisation is seen after this longer culture period.
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Appendix A

Pulsatile program with peak flow rate of I niL/min and frequency of 1 Hz. Although the 
actual diameter of the syringes used was 26.59 mm, it was set to 11.99 and flow rates 
scaled accordingly to provide a more accurate output from the pump (manufacturer’s
advice)

DIA 11.99

PHN
FUN RAT

1

RAT 0.005 mm
VOL. 0.00.5
DIR INF

PHN
FUN RAT

2

RAT 0.021 mm
VOL 0.012
DIR INF

PHN
FUN RAT

3

RAT 0.042 mm
VOL 0.023
DIR INF

PHN
FUN RAT

4

RAT 0.063 mm
VOL 0.035
DIR INF

PHN
FUN RAT

5

RAT 0.083 mm
VOL 0.046
DIR INF

PHN
FUN RAT

6

RAT 0.102 mm
VOL 0.057
DIR INF

PHN
FUN RAT

7

RAT 0.12 mm
VOL 0.067
DIR INF

PHN
FUN RAT

8

RAT 0.136 mm
VOL 0.076
DIR INF

PHN
FUN RAT

9

RAT 0.151 mm
VOL 0.084
DIR INF

PHN 10
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FUN RAT
RAT 0.164 mm
VOL 0.091
DIR INF

PHN II
FUN RAT
RAT 0.176 mm
VOL 0.098
DIR INF

PHN 12
FUN RAT
RAT 0.186 mm
VOL 0.103
DIR INF

PHN 13
FUN RAT
RAT 0.193 mm
VOL 0.107
DIR INF

PHN 14
FUN RAT
RAT 0.199 mm
VOL O.III
DIR INF

PHN 15
FUN RAT
RAT 0.202 mm
VOL 0.1 12
DIR INF

PHN 16
FUN RAT
RAT 0.203 mm
VOL 0.113
DIR INF

PHN 17
FUN RAT
RAT 0.202 mm
VOL 0.112
DIR INF

PHN 18
FUN RAT
RAT 0.199 mm
VOL O.III
DIR INF

PHN 19
FUN RAT
RAT 0.193 mm
VOL 0.107
DIR INF

PHN 20
FUN RAT
RAT 0.186 mm
VOL 0.103
DIR INF

PHN 21
FUN RAT
RAT 0.176 mm
VOL 0.098
DIR INF
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PHN 22
FUN RAT
RAT 0.164 mm
VOU 0.091
DIR INF

PHN 23
FUN RAT
RAT 0.151 mm
VOL 0.084
DIR INF

PHN 24
FUN RAT
RAT 0.136 mm
VOL 0.076
DIR INF

PHN 25
FUN RAT
RAT 0.12 mm
VOL 0.067
DIR INF

PHN 26
FUN RAT
RAT 0.102 mm
VOL 0.057
DIR INF

PHN 27
FUN RAT
RAT 0.083 mm
VOL 0.046
DIR INF

PHN 28
FUN RAT
RAT 0.063 mm
VOL 0.035
DIR INF

PHN 29
FUN RAT
RAT 0.042 mm
VOL 0.023
DIR INF

PHN 30
FUN RAT
RAT 0.021 mm
VOL 0.012
DIR INF

PHN 31
FUNJMP 1
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Appendix B

SOP: EDAC crosslinking

Bone Research Group 
RCSI

Standard Operating Procedure

EDAC crosslinking

Date: 1/12/06 
Updated: 1/12/06

Author: Mike Jaasma (mjaasma@rcsi.ie)

1. Let EDAC sit at room temp for about an hour before use (prevents condensed 
moisture inside bottle).

2. In the hood, cut scaffolds with a circular punch (1/2”) and place in sterile 
container.

3. Use the following formulas to determine the mass per .scaffold. This equation is 
for the standard collagen concentration of 0.5% (a 12.7-mm diameter scaffold is 
0.004 g);

1) Circular scaffold: Mass (g) - 0.004 * (dscaf / 12.7)^ 
where dscaf is the scaffold diameter in mm

4. Calculate and measure the amount of EDAC needed to have 6 mmol EDAC per 
gram of collagen/scaffold using the following equation:

grams of EDAC = grams of collagen x 0.006mol EDAC/g collagen x 191.7g ED AC/mol 
EDAC

5. Calculate and measure NHS for a 5:2 molar ratio of EDAC:NHS using the 
following equation:

grams of NHS = grams of collagen x 0.006mol EDAC/g collagen x 
2mol NHS/5mol EDAC x 116.0g NHS/mol NS

6. In 50-mL centrifuge tube, add 2 mL dd H2O per scaffold.
7. Add EDAC and NHS to the tube and mix with vortexer.
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Table 1. Quantities necessary for 12.7-mm diameter scaffolds 
# of discs EDAC(g) NHS (g) dd H20 (mL)

2 0.0092 0.0022 4
5 0.023 0.0055 10
8 0.037 0.0088 16
10 0.046 0.011 20
15 0.069 0.0165 30

8. In biosafety hood, use syringe and syringe filter to sterile filter the EDAC 
solution.

9. In a 24-well plate, add 2 mL PBS to each well. Hydrate scaffolds in PBS (place 
scaffolds in PBS skin-side up).

10. Add 2 mL EDAC solution to separate wells in the 24-well plate.
11. Transfer scaffolds to the EDAC solution and incubate at room temperature for 2 

hr.
12. Rinse .scaffolds in PBS wells and transfer to an 80-mL yellow-cap container.
13. Add 25-30 mL of PBS to the tube.
14. Incubate for 1 hr at room temperature on the orbital shaker at 30 rpm.
15. Remove PBS and repeat steps 13-14, replacing the PBS afterward.
16. Use immediately or store container in the refrigerator (4°C) for up to 1 week.
17. The EDAC solution is hazardous, so dispose of it properly.

SOP: DNA assay

Using the Hoechst assay on a 3D scaffold:
Materials:

> DPBS

> EDTA

> Cysteine-HCL (Sigma-Aldrich ~ 00320-IG)

> Papain (Sigma - 76218)

> Hoechst Dye (Sigma-Aldrich ~ 86.140-5)

> Filter-sterilised ultrapure water

> Tris (Sigma-Aldrich ~ T6066)
> Na2EDTA (Sigma-Aldrich ~ E5134)
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> NaCl

> 96-well plate (black for fluorescence assays - (Corning(Costar) 3915 - Sigma- 

Aldrich = CLS3915)

> Amber bottles?

> Polystyrene box for ice

> Ice

> 2pl Pipette and tips

> Eppendorf Tubes and stand

> 1 Op 1 Pipette and tips

> Vortex

0.5M EDTA Solution:

To Make lOOmls:
- 1M = 292.25 MW

- 0.5M= 146.13

Dissolve 14.62g of EDTA into 50mls of distilled water.
Place a stirrer into the beaker and stir vigorously while slowly adding in 6M NaOH 

into the beaker.

The EDTA will not go into solution till the pH is about 8; so this requires quite a lot 

of NaOH.

Top up the total amount to lOOmls, store and label.

Papain Buffer:

To make lOOmls of Papain buffer:

- lOOmls of DPBS
- lml0.5MEDTA(pH8.(^ 

79mg Cysteine-HCL

Store at 4°C

Papain Enzyme Solution:

Dissolve lOmg of papain with lOmls of papain Buffer 

Or alternatively, this is made up a mg of papain per mg of papain buffer
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Stock Solution of Hoechst dye:

Hoechst 33258 dye is a possible carcinogen and possible mutagen. Wear gloves and 

a mask and work under a fume hood if possible.
Make up to a concentration of Img per ml in filter-sterilised ultrapure water 

Store in a foil wrapped falcon tube at 4°C (ok up to 6 months)

lOx Hoechst Dye Buffer Solution
- lOmM Tris

- lOmM Na2EDTA

- IMNaCl

pH 7.4, Filter Sterilised

Dissolve in 400mls of distilled water:

> 6.05g Tris Base [MW: 121.14]

> 1.85g Na2EDTA - Disodium salt, dehydrate
> 29.20g Sodium chloride [MW: 58.44]

> Adjust pH to 7.4 with concentrated HCL and add distilled water to SOOmls. Filter 

before use and store at 4°C for up to 3 months.

> The pH and the NaCl concentration are essential for the reagent [i.e. the Hoechst 

dye] to bind properly.

> To get a lx solution of the Hoechst buffer: Dilute lOmls of lOx TNE buffer with 

90mls of distilled and filtered water.

** There is no need to make up all of this solution at once so divide the amounts to the 

ratio of volume that you will need e.g. if you need 200mls

Working Dye solution;
2mls of lOx buffer 

18mls distilled? H2O 

2pl Dye stock solution
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Keep assay solution at room temperature and do not filter once the dye has been added

1. Digest the scaffold in freshly made Papain solution. Note the final volume of the 

digest and scaffold. It is recommend that you use 400pl of papain solution for a 

scaffold in the range of 1cm by 2cm.

2. Digest overnight at 60°C (or 5-6 hrs) and keep a close look to observe the when 

the scaffold has been fully digested. Vortex half way through if possible (for the 

5-6 hr digests).

3. Make the working dye solution. Make sure to do this in minimal light and store 

the solution in an amber bottle or wrapped in foil and place in the fridge if not 

using immediately.

4. For the blanks:

- Use Papain solution alone as a blank control (x3)

- Use Papain and digested unseeded scaffold as another blank (x3)

- Use empty wells as negative controls as well (x3)

5. Label an eppendorf for each sample.

6. Vortex/ shake samples and add 40uL to the appropriate eppendorf.

7. Add 800uL of working dye solution to each eppendorf.

8. Take three volumes of 210uL from each eppendorf and pipette into the wells of a 

96 well plate.

9. Measure at an emission of 458nm and for excitation of 365nm or with a pair of 

closest filters

10. Using the Wallac Victor Manager machine up in Lab 6 (2514:

Make sure that the machine is turned on BEFORE the computer. Then 

switch the computer on and log in

Go to the wand icon and it will guide you through the set up. Choose the 

folder “Fluorometry” and choose the set of filters labelled 

Umbelliferone (355nm/460nm, Is) and load the machine

Once the wizard is finished go back to the “Instrument Live” panel and push the start 

button
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Once the machine is finished measuring all the wells, press the third icon in from the 

left and this will display the results from the latest assay run 

To Save: File » Export ' ' » Folder

Note from a paper b\ Shea et al ((David Mooney), Tissue Ens, 2000):

The concentration of DNA in solution was converted to a cell number using a conversion 

factor ofSpg ofDNA per MC3T3 cell. This conversion factor was determined by 

measuring the amount ofDNA from a known cell number.

SOP: RNA extraction and quantification from CG scaffolds

Bone Research Group 
RCSI

Standard Operating Procedure

RNA extraction and quantification from collagen-GAG scaffolds

Date: 4/12/06 
Updated: 26/02/06

Author: Mike Jaasma (mjaasma@rcsi.ie)

Reagent preparation
18. Lysis buffer

1) Add 10 pL p-mercaptoethanol (14.3 M) per 1 mL of Buffer RLT (Use 1.1 
mL of lysis buffer per scaffold). This solution can be stored at room 
temperature for 1 month.

19. Buffer RPE
1) Add 4 volumes of 100% ethanol to the bottle of Buffer RPE

20. 70% Etoh
1) Make up a 70% ethanol solution (~1 mL per scaffold).

Homogenisation
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Note: All steps are performed at room temperature. Work quickly: limited the number of 
samples for RNA extraction in each sitting. Regular pipet tips should be used.

1. Move scaffolds from -80C freezer to -20C freezer.
Label two RNase-free, 1.5-mL tubes for each sample (RNA extraction and DNA 
storage).
Get some wet ice in a small foam container.
Working with only a few scaffolds at a time, take scaffold tubes out of the freezer 
and immediately add 1.1 mL lysis buffer to the 3.5-mL scaffold tube. Let 
scaffolds thaw for 20 min.
At 10 and 15 min after thawing begins, take a blue pipet tip and squash the 
scaffold several times to allow lysis buffer to penetrate the scaffold.
Homogenise samples by running the homogeniser three times (5-10 seconds each 
time, progressively increasing the speed) in each tube. Replace cap after 
homogenisation.
Between tubes, run the homogeniser twice in DI water and then wipe dry with a 
kimwipe.
Put -650 pL of lysate in each of two labelled QIAShredder columns. Spin at 
13,000 rpm for 2.5 min.
For each sample, transfer the supernatant from both QIAShredder columns to a 
new, labelled (DNA label: la) 1.5 mL tube (RNa.se-free Sarstedt tubes). Pipet up 
and down several times and move 650 pL to a new, labelled (RNA label: lb) 
tube.

10. Set the DNA tubes on ice.
Homogenised lysates can be .stored at -HOC for future RNA extraction.

2.

3.
4.

5.

6.

7.

8.

9.

RNA Extraction

11. Add 1 volume of 70% ethanol ( 650 pL) to tube with RNA sample and vortex to 
mix.

12. Add 650 pL of the lysate-i-ethanol to labelled RNeasy column (with 2-mL 
collection tube).

13. Centrifuge at 12,000 rpm for 30 s.
14. Discard flow-through and replace column.
15. Add the remaining lysate-i-ethanol to the column.
16. Centrifuge at 12,000 rpm for 30 s.
17. Discard flow-through and replace column.
18. Add 700 pL Buffer RWl to the column.
19. Centrifuge at 12,000 rpm for 30 s.
20. Discard flow-through and transfer column to new 2-mL tube.
21. Pipet 500 pL Buffer RPE into the column.
22. Centrifuge at 12,000 rpm for 30 s.
23. Discard the flow-through and replace the column.
24. Add another 500 pL Buffer RPE into the column.
25. Centrifuge at 12,000 rpm for 2.5 min.
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26. Discard the flow-through and place the column in a new, autoclaved (no-cap) 1.5- 
mL tube.

27. Centrifuge at 12,000 rpm for 2.0 min.
28. Transfer the column to a new labelled, 1.5-mL collection tube.
29. Pipet 40 pL RNase-free water into the column and wait 5 min.
30. Centrifuge the RNeasy column at 12,000 rpm for 1.5 min.
31. Pipet 20 pL into a labelled 1.5-mL Sarstedt tube.
32. Store Sarstedt at -80C (or -20C if using samples soon).
33. If immediately quantifying RNA, place Qiagen RNA tube on ice.

RNA quantification (use the Capillary Spectrometer in SURGEN: Clare Muckian 
x2380)
Note: Keep samples on ice at all times to avoid RNA degradation

1. Label 1.5-mL RNase-free tubes.
2. Thaw 20-pL RNA samples on ice.
3. Pipet 3.3 pL of RNA solution into labelled L5-mL tubes.
4. Pipet 3.3 pL of water (RNase-free) into a labelled L5-mL tube.
5. Run RNA quantification on the Capillary Spectrometer

a. Turn on machine and printer.
b. Put capillary tube into Sarstedt tube and move capillary tube around to get 

all of the solution sucked into the capillary tube.
c. Using the gel plate, bung the bottom of the capillary tube.
d. Wipe off the capillary tube with a lint-free tissue.
e. Drop the capillary tube into cuvette and close the cover.
f Start with the water sample (blank): Press ‘Set Ref button.
g. Then run samples one at a time: Press ‘RNA’ button.
h. Results for RNA concentration (ng/pL) and 260/280 ratio will be printed.
i. Turn off machine, replace cover, and dispose of samples and capillary 

tubes.
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SOP: Reverse transcription

Bone Research Group 
RCSI

Standard Operating Procedure

Reverse Transcription - Qiagen QuantiTect RT kit (50 reactions)

Date: 15/1/07 
Updated: 07/03/06

Author: Mike Jaasma (mjaasma@rcsi.ie)

Program RT machine (MJ Research PTC-200, in MCT area)
1. Use Block A on left machine.
2. Enter programs for gDNA elimination reaction and RT reaction.

a. ‘Control method’ - use CALCULATED
b. ‘Gradient’ and ‘Ramp’ - use default settings

3. gDNA program;
a. Step 1: 2 min, 42C

4. RT program:
a. Step 1: 30 min, 42C
b. Step 2: 3 min, 95C

5. Save programs in ‘MIKE’ folder.

Aliquot Reagents
21. Thaw the kit solutions at room temperature.
22. Add the Primer Mix to the QT RT Buffer.
23. Aliquot the solutions into RNase-free tubes (Sarstedt) and store at -20C:

1) gDNA Wipeout Buffer (7x): 4xl8pL + 1 x 28 pL
2) QT RTase; 4 x 9 pL + 1 x 14 pL
3) QT RT Buffer + Primer Mix; 4 x 45 pL + 1 x 70 pL
4) RNase-free water: 5 x 250 pL -l- 1 x 650 pL

Preparation
Note: All steps are performed with RNase-free pipet tips.

34. Calculate the volume of template RNA solution required to have 400 ng RNA
35. Label Eppendorf tubes (0.5 mL, RNase-free): one for each sample
36. Thaw template RNA on ice
37. Thaw gDNA Wipeout Buffer, QT RTase, QT RT Buffer -l- Primer Mix, and 

RNase-free water at room temperature.
38. Once thawed, mix each solution by flicking the tubes. Centrifuge briefly to collect 

residual liquid from the sides of the tubes, and then store on ice.
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39. In a labelled Sarstedt tube, prepare the RT Master Mix (prepare a volume 10% 
greater than what is needed). RT Master Mix per reaction is:

a. QT RTase: 1 pL
b. QT RT Buffer + Primer Mix: 5 pL

40. Store RT Master Mix tube on ice.

gDNA Elimination Reaction
1. In the appropriate Eppendorf tube, prepare the gDNA elimination reaction on ice:

a. gDNA Wipeout Buffer (7x): 2 pL
b. Template RNA: Variable: 400 ng RNA (up to 12 pL)
c. RNase-free water: Variable: total volume of 14 pL

Note: Change tips between samples.
2. Place the tubes in Block A of the RT machine.
3. Close lid and tighten. Tighten until resistance is felt, then tighten another half 

turn.
4. Select RUN
5. Find gDNA wipeout program then press ‘Proceed’
6. Select ‘Block A’ (buttons on left)
7. Select ‘Thick’ tubes.
8. Enter reaction volume of ’20 pL’ (this is the minimum volume allowed to be 

entered).
9. Enter ‘Yes’ for heated lid.
10. Reaction will take 3 min.
11. After reaction is finished, immediately place tubes on ice.

RT Reaction
1. Add 6 pL of RT Master Mix to each RT tube.
2. Store on ice.
3. Place the tubes in Block A of the RT machine.
4. Close lid and tighten. Tighten until resistance is felt, then tighten another half 

turn.
5. Select RUN
6. Find RT program then press ‘Proceed’
7. Select ‘Block A’ (buttons on left)
8. Select ‘Thick’ tubes.
9. Enter reaction volume of ’20 pL’
10. Enter ‘Yes’ for heated lid.
11. Reaction will take ~35 min.
12. While waiting, label Sarstedt tubes for cDNA dilutions and add water (see below)
13. After reaction is finished, immediately place tubes on ice.

cDNA dilutions
1. For each sample, label two Sarstedt tubes for cDNA dilutions, e.g. STAl #1, 

STAl #2
2. Make the following dilutions:

a. #1 (2.5 ng/pL): 5 pL of RT reaction
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35 |iL of RNase-free water

b. #2 (0.25 ng/^L): 5 fiL of dilution #1 
45 gL of RNase-free water

3. Store cDNA dilutions and RT reaction in -20 freezer.
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SOP: Real-time Polymerase Chain Reaction

Bone Research Group 
RCSI

Standard Operating Procedure

Real-time Polymerase Chain Reaction - Qiagen QuantiTect SYBR Green PCR kit 
and primers (200 x 50 pL reactions) and Applied Biosystems 7500 real-time PCR

machine

Date: 14/12/06 
Updated: 18/1/06

Author: Mike Jaasma (mjaasma@rcsi.ie)

Aliquot Reagents
24. Thaw the RNase-free water at room temperature. Aliquot into RNase-free tubes 

(Sarstedt) at 4 x 0.5 mL and store at -20C.
25. Centrifuge primers and reconstitute in 1.10 mL TE Buffer (8.0 pH). Aliquot into 

RNa.se-free tubes (Sarstedt) at 10 x 110 pL and store at -20C.

Program real-time PCR machine (Applied Biosystems 7500)
6. Set up the plate layout in the real-time PCR software (both Relative 

Quantification plate and Dissociation Curve plate).
7. Set the thermal program:

Initial PCR activation step 
PCR Cycle (40 cycles):

15 min 95C
Denaturation 15 s 94C
Annealing 30 s 55C
Extension 45 s 72C
Data acquisition 72C

Also enter well volume (15 pL) and make sure ‘9600 Emulation’ is 
unchecked.

Plate Preparation and Cycle
Note: All steps are performed with filter, DNase/RNase-free pipet tips.

41. Calculate the amount of cDNA required for each well and the volume of RNase- 
free water that needs to be added to obtain the cDNA amount in 1.5 pL.

42. Thaw cDNA (RT product), PCR Master Mix, RNase-free water, and primers on 
ice.

43. Label Sarstedt tubes — one for each gene for PCR Master Mix.
44. Once thawed, mix each solution by flicking the tubes. Centrifuge briefly to collect 

residual liquid from the sides of the tubes, and then store on ice.
45. Make the cDNA dilution(s).

245



46. In a labelled Sarstedt tube, prepare a PCR Master Mix for each primer (prepare a 
volume 10% greater than what is needed). PCR Master Mix per reaction is:

a. QT PCR Master Mix (2x): 7.5 pL
b. Primer (lOx): 1.5 pL
c. RNa.se-free water: 4.0 pL

PCR Master Mix (for each primer) per plate is:
a. QT PCR Master Mix (2x): 198 pL
b. Primer (lOx): 39.6 pL
c. RNase-free water: 105.6 pL

47. Store PCR Master Mix tubes on ice.
48. Place the PCR plate in a holder on ice.
49. Add 13 pL of PCR Master Mix to appropriate wells.
50. Add 2 pL of cDNA to each well (place pipet tip to the bottom of the well and 

expel until an air bubble is seen).
51. Place the adhesive plate strip over the wells. Press the strip down, removing air 

bubbles. Then rip off the end pieces.
52. Using a quick, downward movement, force the liquid to the bottom of the wells.
53. Place the plate in the PCR machine and start.
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SOP: PGE2 EIA kit

Bone Research Group 
RCSI

Standard Operating Procedure

PGE2 EIA kit - Cayman Chemicals #514010

Date: 25/7/06 
Updated: 25/7/06

Author: Mike Jaasma (mjaasma@rcsi.ie)

Summary: This protocol describes the procedure for using the PGE2 assay kit made
by Cayman Chemicals

Materials: Cayman Chemical PGE2 kit #514010
Ultrapure water
Pipetters and tips (PI000, P200, P20)

I. Buffer Preparation

Take kit out of -20°C freezer and let thaw on benchtop.

26. EIA Buffer (#4)
1) Dilute 1 vial with 90mL UltraPure water
2) Rinse vial to remove any salts that have precipitated
3) Store at 4°C for up to 2 months

27. Wash Buffer (#5)
1) Option 1 (2L total)

i. Dilute vial (5mL) to a total volume of 1.995L with UltraPure water
ii. Using syringe, add ImL of Tween (#5a)

2) Option 2 (1L total)
i. Dilute half of vial (2.5mL) with 0.9975 L UltraPure water

ii. Using syringe, add 0.5mL Tween (#5a)
3) Option 3 (250 mL total)

i. Dilute 0.625 mL of wash buffer with 249 mL UltraPure water
ii. Using syringe, add 0.125 mL Tween (#5a)

4) Store at 4°C for up to 2 months

28. PGEt standards
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1) Stock (10 ng/mL)
i. Reconstitute PGE2 standard with 1.0 mL EIA Buffer (in PGE2 

standard bottle)
ii. Store stock at 4°C for up to 1 month

2) PGE2 Standards - use same day as prepared

Dilution Concentration
(pg/mL)

Volume from 
previous (pL)

Volume media 
(pL)

Stock 10000
#1 1000 100 900
#2 500 500 500
#3 250 500 500
#4 125 500 500
#5 62.5 500 500
#6 31.25 500 500
#7 15.63 500 500
#8 7.82 500 500

Note: Use same pipet throughout serial dilutions, mixing thoroughly before next dilution

29. PGE2 AChE Tracer
1) Reconstitute vial (#2) with 6.0 mL of EIA Buffer
2) Store at 4°C for up to 2 weeks

30. PGE2 Monoclonal Antibody
1) Reconstitute vial (#1) with 6.0 mL EIA Buffer
2) Store at 4°C for up to I month

31. Samples
I) Make 0.5X dilutions of each sample (500 pL sample with 500 pL Media)

II. Performing the assay

1. EIA Buffer
a. Add 50 pL EIA Buffer to NSB wells

2. Cell Culture Media (fresh)
a. Add 50 pL Media to NSB wells
b. Add 50 pL Media to Bo wells

248



3. PGEt standards
a. Add 50 ^iL of each standard to appropriate wells
b. Use same pipet tip for all standards, equilibrating tip to new standard 

before pipeting

4. Samples
a. Add 50 pL of each sample (and diluted sample) to appropriate wells

5. PGEt Tracer
a. Add 50 pL to each well EXCEPT TA and Blk wells

6. PGE2 Monoclonal Antibody
a. Add 50 pL to each well EXCEPT TA, NSB, and Blk wells

7. Cover plate with plastic film (#7)

8. Incubate plate at 4°C for 18 hr

III. Develop the plate

1. Reconstitute the Ellman’s Reagent (#8) with 20 mL Ultrapure water
a. Protect Ellman’s Reagent from light when not in use.

2. Empty wells of all contents
a. Flip plate over and shake out contents on paper towel

3. Rinse wells 5 times with Wash Buffer
a. On last rinse, invert plate and tap on lint-free paper (Kimwipes) to remove 

all the liquid from the wells
4. Add 200 pL Ellman’s Reagent to each well

5. Add 5 pL of Tracer to the TA well

6. Cover the plate with plastic film and foil

7. Place plate on orbital shaker (300 rpm) for 60-90 min

8. Read the plate at 405-420 nm (412 nm is optimal).
a. Bo well should read 0.3-1.0 A.U. (blank subtracted). If absorbance exceeds 

1.5, wash the plate and re-develop
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SOP: FTIR analysis

Standard Operation Procedure
For

Scaffold - FTIR Analysis

1. Supplies:

Scaffold 
Scalpel Blade 
Scalpel Handel 
Spatula 
Mortar 
Pestle 
USB - Stick
Specimen holder - Fig. 1
Embedding tools - Fig. 2-
KBr (Potassium Bromid) 
Scale 
Forceps
FTIR - Broker Tensor 27 
SPECAC Press - Fig. 7 
Software: “OPUS”
Extractor Ring

(•

Figure 1 Specimen hoider Figure 3 Iniayl, 0 3mm(Part1)

Figure 6 Ground mould(Part3) Figure 5 Top mouid(Part4)

Figure 2 Iniay2, Height;7mm(Part2]

Figure 4 Ciamp(Part5)
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2. Preparing samples

Weigh KBr- approx. 0.277g +/- 0.005g 
Cut scaffold with scalpel in small pieces 
Weigh scaffold - approx. 0.001 Og +/- O.OOOSg 
Mix scaffold with KBr in the mortar 
Comminute mixture with pestle 
Place the top mould on the ground mould

Plug inlay 1 in the 0 13mm hole (lAttention: fits only one way, never use 
brutal force to plug the inlay in the hole!)
Pour KBr-scaffold mixture in the 0 13mm hole 
Plug inlay 2 in the hole

Press inlays and mixture down using the clamp (lAttention: fits only one 
way, never use brutal force to plug the inlay in the hole!)

Figure 7 SPECAC - Press

Put the prepared embedding tools into the SPECAC - press. Fig. 7 (Make 
sure pressure valve is released)
Clamp the prepared embedding tools in the press using the thread piston 
Make sure pressure valve is closed
Press the prepared embedding tools up to lOt using the lever arm on the
right hand side
Release the pressure valve
Disassemble embedding tools

If disassemble is not possible because the parts are pinned together 
disassemble parts using press as in the following points described 

o Remove ground mould
o Clamp embedding tool SPECAC - press using the extractor ring
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o
o

Disassemble parts by careful use of the lever arm 
! ! ! Make sure assembled parts can slide! I I
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3. Set up FTIR - Bruker Tensor 27

- unlock PC (no password)
- Start software: “OPUS”
- Type in password (stands on the PC)
- click on “Routine measurement”
- click on index card “Check Signal”
- click on “Save Peak Position” (see Fig. 8)
- Wait for beep
- Click on index card “Advanced”
- Make sure that you scan the needed spectrum (Fig. 9)
- Click on index card “Basic” (Fig. 10)
- Type in preferred filename
- Click on “Background Single Channel”

>1
[| Base I Advancad | Optc j Display | Rackgmutd Chack Signal |

Amplitude 15413 Position 60664

Figure 8 Save Peak Position

I Bate Advanced jopde | Display j Backgioundj Check Signal | 

E4»aiimanr | Load | Sava | DEFAULT 

FieriMwr [«?ShM>

ReidUion |A 

Sample Scan Tine. 

Back^ound Scan T ima 

Save Data

(Scant3 

Fi^*|400d CTfcl to (400 '

RaadSpseSum (Tiansrdtanc*”

l~ AddihonalOBtaTiealmant

Intadaiogram tee- 1421BPoetlt

Data blockt to be saved 
|7 Tiansmdtanca 
W Sni^ Channel 
r Sample inleileiogiain

I” Phase Spedfian 
Background

r Backgrouftd Inlefterodam

■_J

E.i Cancel | Hefc. 1

Figure 9 set scan range
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4. Perform Scans

Put prepared specimen in specimen holder (Fig. 1) 
Put filled specimen holder in scanning chamber 
Close scanning chamber 
Click on “Sample Single Channel” (Fig. 10)
Wait until scan is done

f] Baoc I Advancad j Opoc ] Dicplay j BackTound j Oiack Signal { 

ExoerrrMrt Load I DEFAULT

Optaato Name |>tudart1

Sample Nafra CaP-CalagarrScaltoid'Al 'iu

Sample Fam jK.Bt

Path CVPiOvamFlnVOFUSSHEAS 

Filanama CaPColager>-ScattaldA1_Nr2

Figure 10 perform scans (background single channel / sample single channel

5. Save and correct Results

Highlight desired curve
Click on “Baseline Corection” (Fig. 13)
Curve should now be corrected 
Highlight desired curve 
Click on “Save as”
Type in preferred filename(Fig. 11)
Make sure that the filename ends with 
(“yourwantedfilename.SPC”)
Click on index card “Mode” (Fig. 12)
Choose option “Galactic”
Click on “Change Path” to choose your preferred file location 
Click on “Save”
Repeat steps for every curve
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Save Spectrum ill

Figure 11 File Mode “Galactic”

Figure 12 Baseline Correction

Save Spectrum

Select File | Mode | Data Point Table |

- File to save (Galactic Foimat)-------------

2Si

•ii-

iH
''C:\PiogtamFiles\OPUS\MEAS\CaP-Collag 
"C: \Piogiam FilesVOPU S EAS ^CaP-Collag— 
"rAP,o/,r»r« nuAnni icvMri\ci>r»p.r/,ii.TZ.dJ

rSaveAs — 

File N ame: CaP-CollagenScaffold_A1_Nr2.SPC

Path: |E:\FTIR-06-Cie-07\

Change Path | f” Overwrite

Save Cancel Help

Figure 13 choose Filename

Written by: Tim Weber 
2007-07-12

255



SOP: RNA extraction and quantification from collagen-ceramic scaffolds

Bone Research Group 
RCSI

Standard Operating Procedure

RNA extraction and quantification from collagen-ceramic scaffolds

Date: 28/11/07

Author: Niamh Plunkett (nplunkett@rcsi.ie)

Reagent preparation
32. Buffer RPE

1) Add 4 volumes of 100% ethanol to the bottle of Buffer RPE
33. 70% Etoh

1) Make up a 70% ethanol solution (~1 mL per scaffold).

Homogenisation
Note: All steps are performed at room temperature. Work quickly: limited the number of 
samples for RNA extraction in each sitting. Regular pipet tips should be used.

54. Move scaffolds from -80C freezer to -20C freezer.
55. Label two RNase-free, 1.5-mL tubes for each sample (RNA extraction and DNA 

storage).
56. Get some wet ice in a small foam container.
57. Working with only a few scaffolds at a time, take scaffold tubes out of the freezer 

and immediately add 1 mL Qiazol Lysis Reagent to the 3.5-mL scaffold tube.
58. Take a blue pipet tip and squash the scaffold several times to allow lysis buffer to 

penetrate the scaffold.
59. Homogenise samples by running the homogeniser three times (5-10 seconds each 

time, progressively increasing the speed) in each tube. Replace cap after 
homogenisation.

60. Between tubes, run the homogeniser in distilled water, then in ethanol and in fresh 
distilled water and then wipe dry with a kimwipe.

61. Transfer the lysates to new microcentrifuge tubes.
62. Place the tubes on the benchtop at room temperature for 5 minutes to dissociate 

nucleoprotein complexes.
63. Add 200 pL of chloroform to each tube and shake vigorously for 15 seconds. This 

is important for phase separation.
64. Place the tubes on the benchtop at room temperature for 2-3 minutes.
65. Centrifuge at 12,000 rpm for 15 minutes at 4°C. The sample will now be 

separated into 3 phases: the upper, colourless, aqueous phase contains the RNA,
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the white interphase contains DNA and the lower, red, organic phase contains 
protein. The volume of the aqueous phase should be -600 pL.

RNA Extraction

66. Transfer the upper, aqueous phase to a new tube. Add 1 volume fo 70% ethanol 
(usually 600 pL) and vortex to mix.

67. Add 650 pL of the lysate+ethanol to labelled RNeasy column (with 2-mL 
collection tube).

68. Centrifuge at 12,000 rpm for 30 s.
69. Discard flow-through and replace column.
70. Add the remaining lysate-t-ethanol to the column.
71. Centrifuge at 12,000 rpm for 30 s.
72. Discard flow-through and replace column.
73. Add 700 pL Buffer RWl to the column.
74. Centrifuge at 12,000 rpm for 30 s.
75. Discard flow-through and transfer column to new 2-mL tube.
76. Pipet 500 pL Buffer RPE into the column.
77. Centrifuge at 12,000 rpm for 30 s.
78. Discard the flow-through and replace the column.
79. Add another 500 pL Buffer RPE into the column.
80. Centrifuge at 12,000 rpm for 2.5 min.
81. Discard the flow-through and place the column in a new, autoclaved (no-cap) 1.5- 

mL tube.
82. Centrifuge at 12,000 rpm for 2.0 min.
83. Transfer the column to a new labelled, 1.5-mL collection tube.
84. Pipet 40 pL RNase-free water into the column and wait 5 min.
85. Centrifuge the RNeasy column at 12,000 rpm for 1.5 min.
86. Pipet 20 pL into a labelled 1.5-mL Sanstedt tube.
87. Store Sarstedt at -80C (or -20C if using samples soon).
88. If immediately quantifying RNA, place Qiagen RNA tube on ice.

RNA quantiflcation (use the Capillary Spectrometer in SURGEN: Clare Muckian 
x2380)
Note: Keep samples on ice at all times to avoid RNA degradation

6. Label L5-mL RNase-free tubes.
7. Thaw 20-pL RNA samples on ice.
8. Pipet 3.3 pL of RNA solution into labelled 1.5-mL tubes.
9. Pipet 3.3 pL of water (RNase-free) into a labelled L5-mL tube.
10. Run RNA quantification on the Capillary Spectrometer

a. Turn on machine and printer.
b. Put capillary tube into Sarstedt tube and move capillary tube around to get 

all of the solution sucked into the capillary tube.
c. Using the gel plate, bung the bottom of the capillary tube.
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d. Wipe off the capillary tube with a lint-free tissue.
e. Drop the capillary tube into cuvette and close the cover.
f. Start with the water sample (blank): Press ‘Set Ref button.
g. Then run samples one at a time: Press ‘RNA’ button.
h. Results for RNA concentration (ng/pL) and 260/280 ratio will be printed.
i. Turn off machine, replace cover, and dispose of samples and capillary 

tubes.

SOP: Alizarin Red QuantiHcation using Cetylpyridinium Chloride

Alizarin Red Quantification using Cetylpyridinium Chloride
Niamh Plunkett 

25/11/08

Use a maximum of 20 slides per time, to avoid problems with evaporation 
Lay slides out flat
Dissolve Cetylpyridinium Chloride in distilled water (10% solution, e.g. Ig in 
lOmls) by heating while stirring. This solution is toxic so be careful 
Surround the slices you want to quantify with a PAP pen, or Vaseline, or if you’re 
confident, just use surface tension to retain the solution over the scaffold slices 
Using a Gilson, pipette 400uL of Cetylpyridinium Chloride solution onto each 
slide (this is enough to cover 2 scaffold slices, so scale up if you are quantifying 
more slices)
Wait 15 minutes, pipetting the solution up and down on top of the slides once 
during this time
Put lOOuL of the solution in triplicate into the wells of a 96well plate 
Read the plate at 540nm (absorbance) - if using the old spec in 3B, this is filter 6 
Subtract readings for acellular scaffolds from the triplicate averages of your 
readings

10. If you have just quantified 2 scaffold slices from each slide, you can now
coverslip the rest of the slide (once the slide is dry) and use it for microscopy so 
that you can have images corresponding to your quantified values

2.

3.

4.

5.

6.

7.
8. 

9.
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SOP: Alizarin Red Quantiflcation using Acetic acid

Alizarin Red Quantification using Acetic acid

Niamh Plunkett 
11/3/09

1. Lay slides out flat
2. Make a solution of 10% v/v acetic acid 

Sunound the slices you want to quantify with a PAP pen, or Vaseline, or if 
you’re confident, just use surface tension to retain the solution over the 
scaffold slices
Using a Gilson, pipette 600uL of acetic acid solution onto each slide (this is 
enough to cover 2 scaffold slices, so scale up if you are quantifying more 
slices)
Wait for 30 minutes, pipetting the solution up and down on top of the slides 
once during this time
While waiting, label 1.5mL eppendorf tubes and heat a water bath to 85°C 
Transfer the acetic acid/dye mixture from each slide to a labeled tube and 
close tightly 
Vortex the tubes
Heat the tubes in the water bath at 85°C for 10 minutes (note: if the tubes are 

closed tightly, there should not be any problem with evaporation but you’re 
worried, mineral oil (500uL) can added to each tube before heating)

10. Put the tubes on ice for 5 minutes
11. Centrifuge the tubes at 13000rpm for 15 minutes
12. Make a solution of 10% v/v ammonium hydroxide
13. In new tubes, add 500 uL of acetic acid/dye mixture to 200 uL of ammonium 

hydroxide solution
14. Put 3 aliquots of 150uL per tube into a 96 well plate
15. Read at 405nm on a spec (the Wallac in lab 6 or 3A have this wavelength)

3.

4.

5.

6.

7.

8. 

9.
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Appendix C

Permeability rig design and fabrication 

Constraints
• Ensure fluid flows through a compliant scaffold housed in the rig rather than 

around it
• Avoid compressing scaffold to ensure its architecture is not changed
• Ensure quick and repeatable assembly of rig

Design

To comply with the first two constraints, the fluid path through the rig was designed to be 
smaller than a scaffold housed in it. The fluid path diameter was 5 mm while a scaffold of 
diameter up to 12.7 mm could be housed in the rig. Under testing, this ensured that the 
scaffold did not have to be compressed in order for fluid to flow through the scaffold. To 
comply with the third constraint, the rig was fabricated out of 3 major parts which 
screwed together. In use, 2 are assembled together before placing the scaffold in position, 
ensuring that minimum assembly is required after the introduction of the scaffold and 
therefore minimum opportunity for the scaffold to move during assembly.

Fabrication

The rig was made from PMMA and Tecamid.
• A 40 mm length of PMMA stock of outer diameter 18 mm was turned down to 16 

nun outer diameter
• 30 mm of the length was threaded using a 5/8” 14 thread/inch British Standard 

Fine (BSF) die
• A 5 mm diameter hole was drilled in the length
• The length was divided in two: a fully threaded part and a combined threaded and 

non-threaded part
• A slot was sawn into the threaded length (lower part in diagram)
• The non-threaded end of the other part was turned down to 12.5 mm outer 

diameter (upper part in diagram)
• A 50 mm length of 40 mm outer diameter Tecamid stock was threaded internally 

using a 5/8” 14 thread/inch BSF tap (body in diagram)
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Attaches to water tank here

Upper Screw

Body

Lower Screw

Diagram of permeability rig
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