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Abstract

Tissue engineering (or regenerative m edicine) is defined as the apphcation  of 

scientific  principles to the synthesis o f living tissues using bioreactors, cells, 

scaffolds, grow th factors, or a com bination (R ose and O reffo, 2002). O ne o f  the 

principal m ethods in tissue engineering involves the use o f a porous scaffo ld  to 

support and guide synthesis o f  a 3D tissue or organ (Sachlos and C zernuszka, 2003). 

C ollagen-G lycosam inoglycan  scaffo lds have found success in several clinical 

app lications o f tissue engineering  (Y annas et al., 1989, C ham berlain et al., 1998).

H ow ever, it has been show n that the characteristics o f these scaffolds m ust be tuned to 

their specific application  if they are to be successful (Lee et al., 2001, Y annas, 2001, 

O 'B rien  et al., 2005, B yrne et al., 2008). This study sought to develop a series o f  novel 

scaffo lds with a w ide range o f structural and m echanical properties, and to  investigate 

the effects o f  these properties on cellu lar behaviour. Novel freeze-drying techniques 

w ere developed  to vary the structure o f  the scaffolds. U sing these techniques, I 

produced  several scaffolds w ith individual mean pore sizes that could be varied  w ithin 

the range o f 85-325 |jm .

S tudies w ere also carried  out to determ ine the effect o f  several crosslink ing  

techn iques on the m echanical properties o f  the scaffolds and the activ ity  o f  cells 

seeded w ithin them . U sing these crosslink ing  treatm ents, I produced scaffo lds with 

com pressive m oduli that can be contro lled  betw een 0.44 and 1.8 kPa. A dditionally , 

the im proved m echanical p roperties o f glutaraldehyde (G TA ) and l-e thy l-3 -3 - 

d im ethyl am inopropyl carbodiim ide (ED A C ) crosslinked  scaffolds resulted  in 

im proved cell num ber, proliferation  and cellu lar infiltration com pared to the standard 

dehydro therm al crosslinked  scaffolds. The enhanced cellu lar activity upon G T A  and 

E D A C  treated  scaffolds, coupled with im proved m echanical properties, increases their 

su itab ility  fo r use both in vitro and  in vivo.

In conclusion , it is proposed that the series o f  characterised  scaffold variants produced 

in this study can be adapted  for specific tissue engineering applications o r used to 

fu rther our know ledge o f  the effects o f  the structural and m echanical properties o f 

scaffo lds on the cellu lar activity  and tissue synthesis w ithin them.
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1.1 Overview

Repair is the standard m am m alian  response to significant organ injury. It is typically 

characterised by closure o f  the wound through contraction and scar formation. 

Generally this means that the organ in question loses most or all o f  its functionality. 

Regeneration on the other hand is characterised by restoration of  the normal structure 

and function o f  the organ (Yannas, 2001). The particular response o f  an organ to 

injury is dependant on the location and extent o f  the dam age as well as the organ in 

question. The consequences o f  healing by repair range from physical disfiguration to a 

com plete  loss o f  organ functionality. Due to these deficiencies, it is evident that the 

induction of  regeneration is favourable to repair. There are several approaches to 

induce regeneration in cases o f  severe organ trauma.

Transplantation is the most widely used treatment to overcome the deficiencies 

associated with tissue repair. During transplantation, healthy tissue is removed from a 

donor site and subsequently grafted to the injured site in order to induce regeneration. 

Autografting is transplantation using healthy tissue harvested from the patient, 

whereas allografting utilises tissue taken from a separate donor. Despite the 

widespread use o f  transplantation, there are several shortcomings of  this treatment. 

W ith autografting, a longer operation is needed to remove tissue from the donor site; 

this harvesting puts extra  stress on the patient and can cause complications such as 

tissue morbidity at the donor site (Giannoudis et al., 2005). As many patients 

requiring grafts are elderly, the quality and quantity o f  tissue available for grafting can 

also be an issue. With allografting, there is the risk o f  immune response and the 

transmission o f  viral diseases and infections from the donor. In addition the num ber of 

suitable donors available is another limiting factor (Lanza et al., 1997). Processing of
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allograft tissue reduces the risk o f  infection but can significantly  w eaken the 

biological and m echanical properties initially present in the tissue.

In som e cases perm anent prostheses m ay be used to restore partial function  to the 

injured organ. C om m on exam ples o f  th is are artificial jo in t replacem ents, heart valves 

and pacem akers (N elissen, 2003, Pontefract et al., 2004, Chan and C ardall, 2006). As 

they are fabricated  from  m aterials that are b io logically  inert, the im m une response 

associated w ith allografting  is avoided. H ow ever, the unnatural or artificial nature o f 

prostheses causes several problem s. A rtificial hip prostheses are com m only m ade 

from  m etallic alloys such as titanium , these m aterials are several tim es stiffer than the 

tissue they replace. This causes stress shield ing and subsequent resorption o f  the 

surrounding bone leading to failure o f  the prosthesis (Lew is et al., 1984). In addition , 

even with b iologically  inert m aterials there m ay an inflam m atory response resulting  in 

scar tissue encapsulation , preventing restitu tion  o f norm al tissue structure (M ikos et 

al., 1998). These deficiencies and the lack o f  biological function classify perm anent 

prostheses as an in ferior treatm ent com pared  to regeneration  o f  the injured organ.

T issue engineering provides an alternative to transplantation and prosthesis, w ith the 

potential to overcom e the lim itations o f  these treatm ents (L anger and V acanti, 1993). 

T issue engineering (or regenerative m edicine) is defined  as the application o f 

.scientific principles to the synthesis o f  living tissues using bioreactors, cells, 

scaffolds, grow th factors, o r a com bination  (R ose and O reffo, 2002). The scaffo ld  

m ay be im planted alone to induce host cell m igration to the w ound site and tissue 

regeneration, o r it m ay be seeded w ith cells and/or grow th factors and serve to control 

the release and targeting  o f these treatm ents. B ioreactors w hich apply b iophysical
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stim uli to the cell-seeded scaffold are also com m only used to encourage cells to  form 

tissue on the scaffold in vitro. T issue engineering has found initial clinical success in 

several areas including skin, nerve and b ladder (Y annas et al., 1989, C ham berlain  et 

al., 1998, A tala et al., 2006).

In our laboratory we use a com posite scaffo ld  that is fabricated from  collagen and a 

glycosam inoglycan (G A G ) as a basis for tissue engineering. This scaffold is currently 

being used in a num ber o f  ti.ssue engineering applications. C ollagen has received 

increasing attention over the past few years ow ing to its excellen t b iocom patibility , 

degradation into physiological end-products and suitable interaction with cells and 

o ther m acrom olecules (G eiger et al., 2003). G A G s are com m on constituen ts o f  cell 

surfaces and ex tracellu lar m atrices. The first generation o f  collagen-G A G  scaffolds 

w as developed fo r skin regeneration in patients with m assive skin loss by loannis 

Y annas at M IT (Y annas and Burke, 1980, Y annas et al., 1980, D agalakis et al., 1980). 

T hese scaffolds have also been investigated for their potential use in induced 

regeneration o f peripheral nerves and articu lar cartilage (C ham berlain et al., 1998, 

Lee et al., 2001).

Previous w ork has show n that internal architecture and the m echanical properties o f 

scaffolds for tissue engineering can have a significant influence on the activity  o f  cells 

w ithin them  (O 'B rien et al., 2005, Lee et al., 2001, B yrne et al., 2008). The aim  o f this 

thesis is to develop  a series o f  novel C G  scaffolds w ith a range o f  structural and 

m echanical properties and to determ ine the effects o f these properties on cellu lar 

behaviour. T his will allow  the production o f  a series o f characterised  scaffold variants
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w hich can be adapted  fo r specific tissue engineering applications or used to expand 

our understanding  o f  the in teractions betw een scaffold properties and ce llu lar activity.

1.2 Scaffolds for Tissue Engineering

O ne o f the principal m ethods in tissue engineering involves the use o f  a porous 

scaffo ld  to support and guide synthesis o f  a 3D tissue or organ (Sachlos and 

C zem uszka, 2003). The scaffo ld  itself is therefore a very im portant aspect o f  tissue 

engineering. It has been proposed that a scaffold  m ust fulfil a num ber o f  key criteria 

(H utm acher, 2001):

•  B iocom patib ility

•  B iodegradability

• M echanical properties

•  3-D  Porous architecture

B iocom patib ility  is a concept that is sim ple in princip le but com plicated  in practice. It 

is typically  defined  as “ the ability o f  a m aterial to perform  with an appropria te  host 

response in a specific application” (W illiam s, 1986). The broadness o f  this definition 

reduces its usefulness som ew hat and in practice, the term  is w idely used to describe 

m aterials w hich are non-toxic when im planted into the body. In addition , a 

b iocom patib le scaffold should also sustain cell function and phenotype if  it is to be 

successful as a tissue engineering .scaffold. B iodegradability  is another im portant 

aspect o f  scaffo ld  perform ance. The scaffold m ust be designed to degrade into 

b iocom patib le products throughout the healing process, eventually  leaving repaired or 

regenerated  tissue (Y annas, 2001). This process should be controllable as the .scaffold
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must also last long enough to support the activity of the cells as they carry out the 

remodelling process.

The mechanical properties of the scaffold are important for several reasons. The 

scaffold must have suitable characteristics in order to facilitate in vitro handling and 

withstand the in vivo environment. It is often stated that scaffolds need to have 

mechanical properties resembling that of native tissue (Luo et al., 2007). However, 

standard treatments for load bearing tissues use supports such as fixation and sutures 

to bear mechanical loading during healing and rehabilitation (Koob, 2002, 

Finkemeier, 2002). Additionally, it is worth noting that a mixture of bone marrow and 

demineralised bone matrix with the consistency of sand has been successfully used to 

treat non-union bone fractures, while even mechanically durable treatments such as 

cortical bone grafts require the use of fixation (Tiedeman et al., 1995, Finkemeier, 

2002).

In addition, the mechanical properties of the scaffold can direct cellular activity and 

further determine the functionality of a tissue-engineered construct (Engler et al., 

2004a, Engler et al., 2006, Engler et al., 2004b, Yeung et al., 2005). In a study by 

Engler et al. (2006), the differentiation of mesenchymal stem cells (M SCs) was 

shown to be dependant on the mechanical properties of the substrate they were seeded 

upon. Neurogenic, myogenic and osteogenic markers were found on substrates with 

Young’s moduli of I, II and 34 kPa respectively. It has also been noted that 

mechanical properties can influence the interaction between cells and the scaffold 

(Torres et al., 2000, Lee et al., 2001). Chondrocytes and fibroblasts were shown to 

contract the scaffolds they were seeded upon; the level of contraction was shown to be
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dependant on the mechanical properties of the scaffolds (Torres et al., 2000, Lee et al., 

2001). Contraction causes several problems, the pore volume and permeability of the 

scaffold is reduced, limiting cellular proliferation. In addition, in vivo contraction 

would cause problems at the interface between the scaffold and the host tissue. It is 

therefore essential that a scaffold has appropriate properties to limit cell-mediated 

contraction.

The pore architecture of .scaffolds for use in tissue engineering has been shown to 

have a significant effect on physical properties, cellular activity and va.scularisation 

(W ake et al., 1994, Nehrer et al., 1997b, Tsuruga et al., 1997, Zeltinger et al., 2001, 

O'Brien et al., 2005, O'Brien et al., 2007). It has been hypothesised that the pore 

diam eter must be large enough to allow infiltration of the cells towards the centre of 

the scaffold, whilst being small enough to present sufficient ligand density for cellular 

attachment (Yannas, 2001, O'Brien et al., 2005). The optimal pore size is dependant 

on both the cell type and scaffold material. Upon collagen scaffolds with a range of 

pore sizes (95-150 |jm ), O ’Brien et al. (2(X)5) found that osteoblast attachment 

increased with decreasing pore size, with optimal attachment upon scaffolds with a 

mean pore size of 95 ^m. Zeltinger et al. (2001) report that upon PLA scaffolds 

endothelial cells prefer pores in a range of 30-80 jam. Furthermore, it is com m only 

reported that large pores (>I(X) pm ) are required for bone formation and 

vascularisation (Tsuruga et al., 1997, Byrne et al., 2008, Cao et al., 2006). In addition, 

the pore size also determines permeability, which in turn influences the diffusion of 

nutrients and waste products within the scaffolds as well as the stimulus applied by 

flow perfusion bioreactors (Porter et al., 2005, O'Brien et al., 2007).
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As the exact requirem ents are dependant on the specific application, m any m aterials 

have been proposed as scaffolds suitable for tissue engineering. There are three m ajor 

classifications o f  m aterials that have been used as scaffolds for tissue engineering: 

ceram ics, synthetic polym ers and natural polym ers. These classifications are 

discussed in the fo llow ing sections.

1.2.1 Ceramic Scaffolds

C eram ics are inorganic non-m etallic com pounds; they are crystalline in nature and are 

form ed from  a com bination  o f  m etallic and non-m etallic elem ents. They typically  

have a high stiffness but are very brittle. Because o f  their high stiffness, ceram ic 

scaffolds are m ost com m only used in bone tissue engineering. T he m ost com m on 

ceram ics used are calcium  phosphate (CP), tri-calcium  phosphate (P-TCP) and 

hydroxyapatite (H A ) (B arralet et al., 2002, C hu et al., 2002, Porter et al., 2004). H A  is 

a natural constituen t o f bone and has been show n to be b iocom patib le  and 

osteoconductive. Both (3-TCP and HA are highly biocom patible. They d iffer how ever, 

in the biological response created  at the host site. Porous P-TCP is rem oved from  the 

im plant site as bone grow s into the scaffold while HA is m ore perm anent (G iannoudis 

et al., 2005). In general, ceram ic scaffolds have been found to be brittle  and there is a 

lack o f  control o f  the degradation rate, w hich is generally very slow.

1.2.2 Synthetic Polymer Scaffolds

M any polym ers have been investigated for use in tissue engineering applications. The 

m ost com m only u.sed polym ers are polylactide acid (PLA ), polyglycolide acid (PG A ) 

and a com bination  o f  the tw o, poly-D L-lactic-co-glycolic acid (PLG A ) (T aboas et al., 

2003, Lin et al., 2003). The popularity  o f  these polym ers as b iom aterials is in no sm all 

part due to the ir FD A  approval for use in jo in t replacem ents. The m ain advantage o f



using synthetic  polym ers is the fact that they can be m anufactured  with a w ide range 

o f  m echanical p roperties and architectures. The fundam ental problem  associated  w ith 

the use o f  synthetic  polym ers is their degradation products, acidity and alcohol 

content. In particular, scaffo ld  acidity has been im plicated  in accelerating the 

degradation o f  the scaffold  and causing  a p ronounced inflam m atory  response in the 

surrounding tissue leading to  an inhibition o f  tissue form ation (F ischer and R eddi, 

2003).

1.2.3 Natural Polymer Scaffolds

N atural po lym ers include collagen, chitosan, gelatin, silk fibrin, g lycosam inoglycans 

and elastin  (Park et al., 2002, N azarov et al., 2004, D aw son et al., 2008). T hese 

m aterials are found naturally in the extra ce llu lar m atrix (ECM ) o f m any tissues and 

as such contain  m any surface ligands and peptides appropriate for cellu lar attachm ent 

and cell-scaffo ld  in teractions (H arley and G ibson, 2008). A s biological m aterials they 

have excellen t biocom patib ility  and non-toxic degradation products. The shortcom ing 

o f natural polym ers is their poor m echanical properties, w hich are not sufficient for 

high strength applications unless the po lym er is chem ically  treated. In this study a 

com posite o f  tw o natural polym ers, collagen and chondroitin  sulphate, is used as a 

scaffold.

1.3 Collagen-G AG  Scaffolds

1.3.1 Collagen and Glycosaminoglycans

C ollagen is the m ost abundant structural protein found in the body. There are m ore 

than tw enty genetically  distinct types o f  collagen m olecules (G else et al., 2003), all o f 

w hich are trip le helical m olecules based on polypeptide chains o f  am ino acids.
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Collagen type I is the most abundant collagen found in the human body. It is found in 

skin, ligaments, tendons and it is the main organic substance found in bone. The 

scaffolds used in this project are fabricated from collagen type I.

N -propep tide tnpio liclix C -p ropep trae

te lo p ep lid e  le lopep lide
(non-helica l) (noi)-fie|ical)

O m OH OH 1

G al
G lu

Figure 1.1 C ollagen type 1 structure (G else et al., 2003).

Collagen type I is a heterotrimer (Figure I . I ), meaning it is a triple helix that consists 

of two a  I chains and an a2 chain. The a2 chain has a slightly different amino acid 

sequence compared to the a  I chains. Collagen type I triple helices are 300nm long 

and contain approximately 3000 amino acid residues. Each of the three a-chains 

within the molecule forms an extended left-handed helix with a pitch of 18 amino 

acids per turn (Hofmann et al., 1978). The three chains, staggered by one residue 

relative to each other, are supercoiled around a central axis in a right-handed manner 

to form the triple helix (Fraser et al., 1979). The polypeptide chains have a repeating 

unit (Gly-X-Y), with a glycine residue in every third position in the polypeptide chain. 

The plane of each peptide bond is positioned perpendicular to the axis of the helix .so 

that the carbonyl groups are pointed in a direction where they form .strong interchain 

hydrogen bonds with other chains in the molecule (Devlin, 2006). The triple helix is 

formed such that glycine, the smallest amino acid, is positioned at the centre of the 

helix and the more bulky side chains of other amino acids occupy the outer positions.
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T his allow s a close  packing along the centre o f the m olecule as show n in F igure 1.2 B 

(G else et a!., 2003). The X and Y positions are m ost com m only  occupied  by the 

am ino  acids proline and hydroxyproline, respectively. A breakdow n o f the am ino acid  

content o f  type I collagen is show n in Figure 1.2 C. The non-helical regions at the end 

o f  the collagen m olecule are called telopeptides; these are involved in in term olecular 

crosslinking o f  collagen  m olecules. T he propeptides are im portant in the form ation o f 

the collagen m olecules. O nce triple helices are form ed, they group together to form  

collagen fibrils. T hese fibrils have a d istinctive banded appearance illustrated  in 

Figure 1.3, w hich is due the quarter-staggered  alignm ent.

Figure 1.2 (A) Collagen chain (B) Collagen 

(Burgeson et al., 1976, Alberts  et al., 1998).

3-H ydioxy |)io tine 1.1 1.2
4-H ydioxy|)iojliie 114.0 105.0
A speitic  acid 46.0 45.0
T Iueon ine 18.0 18.0
S erin e 35.0 30.0
G liitoniic acid 77.0 70.0
P to liiie 118.0 114.0
G lycine 330.0 331.0
Aldiiiiie 119.0 105.0
V.iliiie 19.0 35.0
H.ilf-cystine ND ND
M etliioiiine 5.3 4.7
Isoleiiciiie 8.2 16.0
L eucine 20.0 33.0
T yiosine 2.1 3.2
Pheny l <ilonine 13.0 11.0
Hydroxylysine 10.0 12.0
Lysine 27.0 20.0
H istidine 4.0 10.0
Aixjinine 49.0 51.0

(C) Am ino acid composit ion o f  type I collagen
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Figure 1.3 Collagen fibril structure, showing the banded structure (Gelse et al., 20()3).

G lycosam inoglycans (GAGs) are added to the scaffold in order to further increase the 

biocompatibility. They are, with the exception o f  hyaluronic acid, found in the form 

o f  proteoglycans on cell surfaces and in the extracellular matrix. Chondroitin-6- 

sulphate is the G A G  used to fabricate collagen-G A G  scaffolds (Figure 1.4). It is a 

m ajor constituent o f  cartilage and provides much o f  that t issue’s compressive strength 

(Bayliss et al., 1999). G A G s are able to bind and modulate various proteins including 

growth factors, cytokines and extracellular matrix proteins. These interactions are 

essential for the adhesion, migration, proliferation and differentiation o f  cells. As a 

consequence, G A G s play a pivotal role in biological processes like m orphogenesis  

and w ound healing. Incorporation o f  G A G s into a tissue engineered construct may 

therefore enhance cellular activity (Pieper et al., 1999). Additionally, polymerisation 

o f  collagen with G A G s has been shown to improve the mechanical properties of  

collagen (Yannas et al., 1975).
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Figure 1.4 Schem atic o f chondro itin -6-su lphate  (H uang and Yang, 2008).

1.3.2 Collagen-GAG Scaffolds

As a natural polym er, collagen  is often utilised fo r its inherent biocom patib ility . 

Collagen has been processed  into a variety o f  physical form s, including m ini-pellets, 

sponges and nanopartic les fo r the use as drug and gene delivery vehicles, as an 

injectable suspension for soft tissue augm entation, as m atrices for use as w ound 

dressings, and as constructs fo r engineered  blood vessel, heart valve, tendon and  skin 

substitu tes (D ong et al., 2005). C ollagen-G A G  scaffolds were first developed  by 

loannis Y annas at M IT fo r use in skin regeneration (D agalakis et al., 1980, Y annas 

and Burke, 1980, Y annas et al., 1980). Since then, variants o f  these scaffo lds have 

show n potential for use in nerve, cartilage and bone regeneration  (C ham berlain  et al., 

1998, Lee et al., 2001, Farrell et al., 2006, Lynn et al., 2005). C ham berlain  et al. 

(1998) found that peripheral nerve regeneration utilising C G  scaffolds w as o f the 

sam e standard as autografting . Farrell et al. (2006) dem onstrated  that C G  scaffolds 

support the d ifferentiation  o f M SC s dow n chondrogenic and osteogenic lineages. The 

advantages o f  these scaffo lds include their biocom patib ility , porosity  (99.5% ) and 

non-toxic degradation  products. F urtherm ore the natural availability  o f  b inding sites 

upon collagen, allow s the scaffo lds to be used a delivery vehicle for cy tokines and 

grow th factors.
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1.3.3 Fabrication of Collagen-GAG Scaffolds

C ollagen-G A G  scaffo lds are m anufactured using a freeze-drying (or lyophilisation) 

process (D agalakis et al., 1980, O 'Brien et al., 2004, O 'B rien et al., 2005). P rior to 

freeze-drying, collagen and G A G  are m ixed together w ith acetic acid to produce a 

collagen-G A G  suspension. This suspension is then p laced into a freeze-dryer w hich 

cools it in a contro lled  m anner. As the slurry freezes the collagen-G A G  solute is 

localised  betw een the grow ing ice crystals, form ing a continuous, interpenetrating 

netw ork o f ice and solute. Sublim ation o f  the ice crystals leads to the form ation o f  a 

highly porous sponge. The pore size o f the scaffold m irrors the size o f  the ice crystals 

form ed during freezing and is therefore affected by the details o f this process. O ’B rien 

et al. (2004) developed  a m ethod for cooling the scaffolds at a constant rate to  give a 

hom ogeneous scaffo ld  w ith equiaxed pores. The effect of freeze-drying on the pore 

architecture o f C G  scaffolds is d iscussed in detail in Section 1.4 and C hapter 2. A fter 

freeze-drying, C G  scaffolds are crosslinked in o rder to  enhance their m echanical 

properties and reduce the ir degradation rate. The standard crosslinking m ethod is 

dehydrotherm al treatm ent (D H T), although several different treatm ents have been 

utilised in the literature (Lee et al., 2001, Harley et al., 2007, P ieper et al., 2000). This 

topic is discussed in fu rther detail in Section 1.5 and C hapters 3 & 4.
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Figure 1.5 Scaffold fabrication (H arley et al., 2005).

1.4 Freeze-drying

Freeze-drying (o r lyophilisation) is a process in w hich a solution, a m ixture o f  a solute 

and a solvent, is frozen and then dried. It is prim arily  a m eans o f increasing the 

stability  o f m aterials for long term  storage and is mo.st com m only used in the 

pharm aceutical and biological industries. T he freeze-drying process has several 

advantages over o ther drying m ethods, the m ain one being that it can be applied  to 

m aterials, such as proteins, w hich may be affected  by the addition o f heat. The m ajor 

disadvantage is that it is an energy in tensive process. In this study we use the freeze- 

drying process to fabricate porous collagen scaffolds; consequently  an understanding 

o f the process is needed to consistently  produce hom ogeneous scaffolds.

The freeze-drying process can be split into tw o parts: freezing and drying. D uring 

freezing the tem perature o f  the solu tion  is low ered and a phase change occurs during 

which liquid w ater is converted into ice (Figure 1.6). The next step in the process is 

drying. D uring drying, heat is added to the m aterial under a vacuum . U nder these
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conditions the ice crystals are sublimated from the solute. The sublimated water 

vapour is then trapped on a condenser, and the process is complete.

1 atm

"5iiiT oit

f
Figure 1.6 Phase diagram of the freeze-drying priKess (Harley et al., 2005). Where S indicates the 

solid phase, L the liquid phase, V the vapour phase and Tf the final freezing temperature. The process 

starts at point I, the first step is freezing the solution to point 2. After freezing the frozen solution is 

brought to point 3 where drying takes place for 12 hours. When drying is complete, all the water has 

been removed from the solution and only the collagen scaffold remains on the shelf. The scaffold is 

then brought back to room to 20°C and 1 atmosphere before it is removed from the freeze-dryer.

1.4.1 Freezing

During freezing a two step process occurs in which ice crystals nucleate around 

particulate impurities within the solution and then grow in size. Conventionally, the 

structure o f  the ice crystals formed during freezing is only o f  significance because of 

its effect on drying; however, when producing scaffolds for tissue engineering it has 

further significance as the ice crystal structure will mirror the pore structure o f  the 

scaffold produced. The important structural characteristics are pore size, shape, 

distribution and interconnectivity.
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Before describing the freezing process it is important that two words are defined: 

cooling and freezing. Cooling is a reduction in temperature, whereas freezing is an 

abrupt conversion o f a solution into a mixture o f ice and solute concentrate. Cooling 

below freezing temperature without freezing is called supercooling or subcooling 

(Biopharma, 2005). The cooling rate is an important aspect o f the freezing cycle; 

traditionally these rates have been described in an unscientific manner, i.e. slow or 

fast. A better description is the rate at which the shelf or product is cooled per unit 

time; shelf temperature is most commonly used to control the process. Typically 

cooling rates o f less than l°C/min are considered slow and anything above (but 

usually in the region o f 20-50°C/min) is considered fast (Biopharma, 2005).

i
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CD' freeze-
concenlralion
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Water

Sugar ' 
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Tim e ►

Figure 1.7 Product temperature during freezing (Sahagian and Goff, 19%).

In order to understand the freezing process, it is necessary to study the time- 

temperature relationships of pure water and aqueous solutions as they are frozen 

(Figure 1.7). There are four events in this process: supercooling, nucleation, crystal 

growth and freeze-concentration. From point A to B (and B') the solutions are 

supercooled below the freezing temperature of water before nucleation, the formation

17



o f ice crystals throughout the liquid volum e, takes place. The presence o f the solute 

particles prom otes nucleation; explain ing why the sugar solution nucleates at a h igher 

tem perature than pure w ater. Supercooling is a m etastable state w hich is analogous to  

an activation energy necessary  for the nucleation process (Sahagian and G off, 1996). 

N ucleation subsequently  takes place from  point B to C (B ' to C ) . H ow ever, only a 

fraction o f  freeze-ab le  w ater crysta llises during nucleation, as crystallisation  is 

exotherm ic (Searles, 2004). N ote that the Tf o f  the sugar solution is low er than the Tf 

o f  w ater, this freezing point depression is due to the presence of solutes.

C rystal grow th and freeze concentration  take place from  C to D. The crystals grow as 

the rem aining w ater in the nucleated solution is frozen. The partially frozen m ixture 

will not cool until all o f the freezeable w ater has crystallised. W ith the sugar so lu tion , 

freeze concentration  takes place from  C  to D'. As w ater freezes in the solution, the 

concentration o f  the solute in the liquid phase increa.ses. This phenom enon is term ed 

freeze concentration. Freeze concentration lowers the freezing tem perature  and 

increases the viscosity  o f  the solution. The increase in vi.scosity o f  the solution , caused 

by low er tem peratu res and freeze concentration, reduces the m obility  o f  w ater 

m olecules and hinders crystal grow th.

The m orphology o f  ice crystals in the frozen product is prim arily  dependent on 

nucleation. In particular, ice crystal size has been show n to be inversely proportional 

to the extent o f  supercooling  at nucleation (Searles et al., 2001). N ucleation  is, in turn, 

affected by the rate o f cooling and the nature o f particulate im purities w ithin the 

solution. A s nucleation  is affected  by environm ental particulates, it is therefore not 

under direct control and leads to  a degree o f variability in the process. T he rate o f



cooling  w ill a lso  have an effect on the crystal form ation during freezing. Fast rates o f  

cooling have a tendency to  produce m any sm all ice crystals. These crystals m ay not 

be con tinuous, but they are generally  hom ogeneously  d istributed throughout the 

frozen solution. A slow  rate o f freezing will result in a m ore connected ice crystal 

structure w ith larger crystals (B iopharm a, 2005).

1.4.2 Drying

D rying is the  second step in the freeze-drying process and it involves the rem oval o f 

w ater from  the frozen solution. T raditionally , drying can be split into prim ary and 

secondary drying, w here prim ary refers to  the rem oval o f  w ater by sublim ation, the 

conversion  o f a so lid  d irectly  into a vapour, and secondary drying is the rem oval o f  

bound w ater by desorption. As the standard crosslinking treatm ent for the collagen- 

G A G  scaffo lds (D H T ) rem oves bound w ater when it form s crosslinks, there is no 

need for secondary drying in our freeze-dry ing  cycles.

Figure 1.6 show s how  the phase o f  w ater is related to its tem perature and pressure. 

From  this chart it is clear that ice can be converted  directly  to vapour by adding heat 

at low pressures. T his phase change requires a large am ount o f energy, approxim ately 

2800 J to  convert 1 g o f  ice to vapour (B iopharm a, 2005). H aving frozen the solution 

and created  a solid, the pressure is reduced and heat is applied to sublim ate the ice to a 

vapour. T he vapour is then trapped on the conden.ser as ice. B ecause sublim ation is 

endotherm ic, d rying is sustained by applying heat to the solution. H ow ever, this heat 

m ust be applied  w ith care as excessive heat input may m elt o r collapse the scaffold 

(described later). In contrast, applying insufficient heat will result in the solution 

cooling  until its tem perature approaches that o f  the condenser, w hich causes
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sublim ation to cease. The endpoint o f  the drying process is accepted to be the 

convergence o f shelf and product tem perature, i.e. when adding heat increases the 

tem perature of the solution rather than fuelling sublim ation (B iopharm a, 2005).

In order to trap w ater vapour on the condenser, a pressure difference is needed 

betw een the ice interface in the product and the cold surface o f the condenser. 

A dditionally , a pressure gradient betw een the w ater m olecules and the surrounding 

atm osphere is also necessary and this is provided by the vacuum . It is know n that all 

m aterials exert a vapour pressure and this pressure is related to tem perature; so we 

may define the driving force for sublim ation as the d ifference in vapour pressure 

betw een the sam ple and the condenser. H ow ever, these concepts o f sublim ation do 

not take into account resistance to  the vapour flow as it m igrates from  the drying 

solution to the condenser. R esistances to vapour flow  include m echanical im pedances 

by baffles, interconnections and valves in the system  and im pedances re.sulting from  

interactions betw een vapour m olecules and the inner vial surface and stopper. These 

resistances have to be taken into account when choosing the condenser tem perature of 

a cycle. Typically  15° below  the product tem perature is sufficient to over com e any 

resistance to vapour flow (B iopharm a, 2005).

In drying a num ber of processing  defects occur w hich need to  be avoided. These 

include:

• Eutectic melting. T his is defined  as the m elting o f a eutectic solid (region o f  a 

frozen m aterial outside o f the ‘pure ice’ fraction). W hen under vacuum , this
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can lead to severe eruption of the m aterial. The tem perature at w hich eutectic 

m elting occurs is Teu.

•  C ollapse. T his is defined as the point at w hich a m aterial softens to  the extent 

o f  no longer being ab le to support its own structure  as the sublim ation 

interface passes through it. This will be above the glass transition  tem perature 

(Tg), but the ex ten t above Tg depends on the solution constituents. The glass 

transition  tem perature is the tem perature below  w hich the viscosity  o f  the 

frozen solution will increase and the m aterial takes on a brittle glass like state, 

above this tem perature the m aterial becom es softer.

The critical tem perature  (T J  is defined as the highest tem perature that can be used in 

the drying phase w ithout the occurrence o f processing defects. K now ledge o f  the 

critical tem perature o f  the solution is e.ssential to avoid processing  defects and use as 

high a drying tem perature as possible, w hich speeds up the drying process. V arious 

m ethods can be used to  define Teu and Tg. C ollapse tem peratures are determ ined by 

the glass transition  tem perature using D ifferential Scanning C alorim etry  (D SC) or, 

alternatively, the tem perature at w hich the drying solution is m icroscopically  observed 

to distort and collapse, can be m easured using freeze-drying m icroscopy. Freeze- 

drying m icroscopy provides the least am biguous data, since it is used to assess the 

operational consequences o f exceeding Tg or Teu. C ollagen-G A G  scaffolds are dried 

above Tg, but as the associated  collapse is not observed, this allow s the use o f  high 

tem peratures w hich allow  fast drying.
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1.4.3 F reeze-d ry in g  o f  C ollagen -G A G  Slurry

The standard freeze-drying cycle that is currently used to produce CG scaffolds is as 

follows (Table 1.1); the shelf is held at twenty degrees for 5 minutes and then cooled 

at a rate of 0.97m in to the final freezing temperature. The final freezing temperature 

is then held for two hours. The drying phase is commenced; pressure is reduced to 

200 mTorr and the temperature is ramped to 0°C in 160 minutes. This temperature is 

then held for 1020 minutes (17 hours). Finally the shelf is brought up to room 

temperature in order to prevent moisture from condensing upon the scaffolds on 

opening of the freeze-drying chamber. Altogether, the cycle takes approximately 24 

hours.

Freezing Step Tem perature, "C Time, min R/H Pressure,

mTorr

1 (start) 20 10 H Atm

2 (ramping) -40 45 R Atm

3 (annealing) -40 120 H Atm

4 (drying) -40 5 H 0200

5 (drying) 00 160 R 0200

6 (drying)
.

00 1020 H 0200

7 (drying) 20 40 R 0200

8 (drying) 20 30 H 0200

T able 1.1 Freeze-drying cycle for collagen-G A G  scaffolds.

An indication of the freeze-drying behaviour of CG slurry during this cycle can be 

obtained from the results of O ’Brien et al. (O’Brien et al., 2005). Upon initial 

inspection of the cooling profiles of the .solutions (Figure 1.7), it can be seen that they 

exhibit some of the behaviour of both pure water and solutions. The solute
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concentration o f the slurry is very low, 0.5%, explaining why the freezing profile  o f 

the solution is sim ilar to pure water.
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Figure 1.8 Product temperatures during freezing (A) Collagen-GAG (B) Water and sugar solution 

(Sahagian and Goff, 1996, O'Brien et al., 2005).

Scaffold pore size analysis (Table 1.2) demonstrated that crystal size decreased with 

final shelf temperature (O'Brien et al., 2005). From Figure 1.8 it can be seen that the 

crystal growth phase o f the -10°C and -20°C cycles are shorter than the -30°C and - 

40°C cycles. This can only explain some o f the differences in pore size however, as 

the crystal growth phases o f the -30°C and -40°C cycles are identical, indicating that 

the crystals are still growing during freeze concentration (D to E). The difference in 

pore size between the -30°C and -40°C cycles can then be explained by a reduction in 

the rate o f crystal growth due to increased viscosity caused by lower temperature and 

freeze concentration. The pores o f the -20°C, -30°C and -40°C scaffolds were found 

to be equiaxed, while the -IO°C scaffolds had pores which were larger in the 

longitudinal axis. This points to preferential cooling in the longitudinal direction 

during the -10°C cycle.
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Freezing temperature (°C) Pore size (nm)

-10 150.5

-20 121.0

-30 109.5

-40 95.5

Table 1.2 Effect of freeze-drying temperature on pore size for collagen-GAG scaffolds (O'Brien et al., 

2005 ).

The work of O ’Brien et al. (2005) will be expanded upon in this study, due to 

availability of a freeze-dryer with the ability to run cycles with a Tf of -70°C. This 

will allow investigation of the effects of Tf on pore size at temperatures below -40°C. 

Additionally, the effect of introducing an annealing step into the cycle will also be 

investigated in order to produce scaffolds with a larger range of mean pore sizes.

1.4.4 A nnealing

The first study in this thesis investigates the potential of using an annealing step to 

increase the pore size of CG scaffolds. Heat annealing is an additional step in the 

freeze-drying cycle which involves raising the temperature of the frozen suspension 

after freezing in order to increase the rate of ice crystal growth by reducing viscosity 

(Searles, 2004). This step causes significant changes in the ice crystal structure in the 

frozen solution.

In general, ice crystals which existed prior to warming will become larger and solutes 

which are reluctant to crystallise may crystallise when the solution is cooled for the 

second time. Re-cooling after annealing should not result in new crystal growth as the 

volume is already nucleated. Rather upon re-cooling the remaining crystals will grow. 

Connectivity is also increased; and this coupled with the increase in ice crystal size
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a l lo w s  fas te r  d ry in g  ra tes  by  d e c re a s in g  res is tance  to  v a p o u r  f low . H ig h e r  annea l ing  

te m p era tu re s  and  lo n g e r  d u ra t io n s  co rre la te  w ith  inc reased  d ry ing  rates, b u t  the effect 

o f  annea l ing  on  d ry in g  ra tes  ap p e a rs  to  be  c o n s t ra in e d  by  a m a x im u m  theore tical 

value. T h e  ca u se  o f  th is  l im it  w as  sh o w n  to  be a  shift  f ro m  a m ass  t ransfe r  d ep e n d an t  

p rocess  (w a te r  v a p o u r  trans i t  th ro u g h  the  d r ied  layer  o f  the  p roduc t)  to  an ene rgy  

t ran s fe r  d e p e n d a n t  p ro ce ss  (en e rg y  f ro m  the  sh e l f  to  the  ice in the  so lu t ion)  due  to  

d ec reased  m a ss  t ran s fe r  re s is tan ce  o f  an n e a le d  sa m p le s  (Searles ,  2004).

D uring  ann e a l in g  the  in c reased  w a te r  c o n ten t  and  h ig h e r  te m p era tu re  inc rease  the 

bu lk  m obil i ty  o f  the  a m o rp h o u s  (u n frozen )  p h ase  an d  the  d iffus ional  m ob il i ty  o f  all 

spec ie s  in that phase .  T h e  in c re ase d  bu lk  m obil i ty  o f  the a m o rp h o u s  p hase  dur ing  

ann e a l in g  a l low s  it to relax  in to  phys ica l  c o n f ig u ra t io n s  o f  lo w er  su rface  free  energy  

(o r  su rface  tension).  S u rfac e  free  en e rg y  will p ro v id e  a d r iv ing  force  for  a con t iguous  

v o lu m e  to  red u c e  its su r face  a re a  so  long  as it is not a lready  a perfec t sphere .  T he  

s t ruc tu res  w ith in  f re ez e -co n c en tra ted  sy s tem s  inva riab ly  possess  ju n c t io n s ,  edges ,  and  

o th e r  depa r tu re s  f ro m  the  per fec t  sphere .  E ac h  o f  these  th ree -d im en s io n a l  fea tu res  has 

tw o  principal radii o f  cu rva tu re .  T h e  p ressu re  w ith in  a s truc tu re  w ith  pos it ive  radii o f  

cu rv a tu re  can  be sh o w n  to be (Sear les ,  2004):

P  = 2 y
1̂ P
— - I -  —  

V ' ‘l ''2

W h e re  y is the  su r face  free  en e rgy  (ene rgy /a rea ) ,  r\ and  r2 a re  the radii o f  cu rva tu re ,  

and  Pq is the su r ro u n d in g  p ressu re .  A  prac tica l  e x a m p le  o f  how  this  w orks  is a need le  

sh aped  structure , the  tip will h ave  very  sm all radii o f  cu rv a tu re  and  the body  will have 

m u c h  la rger  radii o f  cu rva tu re .  U s in g  the  a b o v e  equ a t io n ,  the p ressu re  in the  tip will 

be m u c h  h ig h e r  than  the p ressu re  in the  body. I f  the  v iscos ity  is su ff ic ien tly  low
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(above Tg) the pressure will cause bulk flow of material from the tip into the body. 

Structures with negative internal radii, such as the junction between of two spheres in 

contact, will have a lower pressure than their surroundings, leading to flow of material 

into these areas. Sintering and accretion of high surface area particles into a single 

lower surface area structure are manifestations of this principle (Searles, 2004).

Another fundamental relationship of surface chemistry is the Kelvin equation, which 

states that smaller radii of curvature induce a higher vapour pressure:

P f i l lAG = R T \ n ^ =  W  -  + —
P r r
‘ v  V  ' I  ' 2  /

Where AG is the increase in molar free energy, R is the universal gas constant, T  is 

temperature, P° is the normal vapour pressure, Pv is the vapour pressure over a 

curved interface, V is the specific volume and r\ and V2 are the radii of curvature. Ice 

crystal regions with smaller radii will melt preferentially due to their higher free 

energy because smaller ice crystals have higher vapour pressures than larger ones. 

This may cause the smallest ice crystals to melt completely during annealing.

Ostwald ripening (re-crystallisation) can also occur during annealing. During Ostwald 

ripening dispersed crystals that are smaller than a critical size decrease in size while 

those larger than the critical size grow larger (Searles, 2004). In Ostwald ripening, the 

cubed average crystal diam eter increases linearly with time, and the temperature 

dependence has been shown to follow the Williams-Landell-Ferry (WLF) equation:

\ n { k l k , ) =  K [ T - T , ) I [ T - T j
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W h e re  k a n d  ko are  the re -crys ta l l isa t ion  ra tes  at T  and  Tq, respectively .  A" is a co n s tan t  

and  T x  is the  te m p era tu re  at w h ich  k =  0. A d h eren c e  to  th is  equa t ion  su g g e s ts  tha t  the  

p rocess  is co n t ro l led  by  viscosity  w h ich  S ear le s  suggests  is v ia t rans la t ional  d if fu s ion  

o f  w a te r  th ro u g h  the n on - ice  phase ,  an d  th is  can  be  ex p re ssed  in an  a l te rna te  fo rm  as 

fo llow s:

\ n { r j / r ] J = C , { T - T ^ ) / { c , + i T - T j

W h e re  // an d  are  the re -crys ta ll isa t ion  rates at T an d  T̂ ,, respec tive ly ,  an d  C |  and  C t  

are  cons tan ts .

1.5 Collagen Crosslinking

C ro ss l in k s  are chem ica l  b o n d s  b e tw e e n  co l lagen  m olecu les .  T h ey  p rov ide  the 

m echan ica l  s t reng th  o f  co l lagen  an d  s tab il ise  the co l lagen  f ibres by p rev e n t in g  the 

long rod -l ike  co l lag e n  m o lecu les  f rom  s lid ing  past each  o th e r  u n d e r  stress  (B a i ley  et 

al., 1980). C ro ss l in k in g  is a lso  an  ef fec t ive  m e an s  o f  con tro l l ing  the  d eg ra d a t io n  rate  

o f  co l lagen  scaffo lds ,  as the c ro ss l in k s  h ave  to  be  b roken  do w n  befo re  the  scaffo ld  can 

be d eg raded .  T h e re  are var ious  m e th o d s  o f  inc reas ing  the level o f  c ro ss l in k in g  in 

co l lagen  scaffo lds .  T h e  trea tm en t  used  sh o u ld  d ep e n d  on the app l ica tion  in w h ich  the 

scaffo ld  is to  be  em p loyed .

C ro ss l in k in g  t rea tm e n ts  are sp li t  in to  tw o  groups: chem ica l  c ro ss l ink ing  and  

b iophys ica l  cross l ink ing .  E x a m p le s  o f  ch e m ic a l  m e th o d s  inc lude  the  use  o f  

g lu ta ra ld e h y d e  and  var ious  c a rb o d iim id e s ,  w h erea s  b iophysica l  m e th o d s  inc lude  the 

use  o f  U .V . light and  d eh y d ro th e rm a l  c ro ss l ink ing .  T h e  cross l ink ing  eff ic iency  o f  any 

t rea tm en t,  phys ica l  o r  chem ica l ,  is a func tion  o f  the n u m b e r  o f  a m in o  ac id  residues
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which can be affected by the treatment, the stability o f the crosslink formed, and the 

bond energy associated w ith each crosslink (Weadock et al., 1983). Table 1.3 shows 

some o f the reactive residues fo r various physical and chemical methods.

Reactive Residues 
Procedure Per ^ypha Chain Sum o fR ead i^^

a1 a2

Sh0rt-v(ave 
U.V. Light

Tyrosine
Phenyl
alanine

4
12

3
16 51

Lysine 32 21

Dehydro- 
thermal or 
Carbodiimide

A'ginine 
Aspartic acid 
G lu tam icadd 
Serine

50
45
77
34

57
47
71
24

745

Threonine 16 17

Gluter-
aldehyde

Lysine 32 21 53

Table 1.3 Theoretical distribution o f target amino acid residues fo r various collagen crosslinking 

treatments (Weadock el al., 1983).

When choosing a crosslinking treatment it must be kept in mind that there may be side 

effects. For example, many chemical treatments are unsuitable fo r tissue engineering 

because o f toxicity or low water solubility; they may also leach out o f the material, 

polymerise or form unstable crosslinks. Biophysical methods generally avoid 

introducing cytotoxic chemical residuals and therefore, retain the biocompatibility o f 

the scaffold. The lim itation o f biophysical methods appears to be in trying to achieve 

a balance between attaining the desired amount o f crosslinking whilst preventing 

degradation as a consequence o f the long exposure times inevitable fo r physical 

processes (Khor, 1997).

This study w ill use several crosslinking methods to produce a collagen-GAG scaffold 

with a range o f mechanical properties suitable fo r tissue engineering. The treatments 

used in this study are DHT, l-ethyl-3-(3-dim ethyl aminopropyl) carbodiimide 

(EDAC) and glutaraldehyde (G TA). These treatments are the most commonly used to
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c ro ss l in k  c o l lag e n  in the  literature. M ic rob ia l  t r a n sg lu tam in ase  (m T g ase )  and  

u l t rav io le t  light (U V )  are  also  d isc u sse d  as they  are o f  interest.  A dd it iona lly ,  

c h e m ic a l s  such  as fo rm a ld e h y d e ,  p o ly e th e r  ox ide ,  h e x a m e th y le n e  d i isocyana te  and  

p o ly u re th an e  h av e  a lso  b ee n  used  to  c ross l ink  co l lagen .  H o w e v e r  they  h ave  been  less 

success fu l  due  to  th e ir  cy to tox ic ity  and  will not be ex a m in e d  in this  study.

1.5,1 Glutaraldehyde

G lu ta ra ld e h y d e  ( G T A )  is o ne  o f  the  m os t p o p u la r  c ro ss l in k in g  t rea tm e n ts  fo r  

b io log ica l  tissues. A t low  co n c en tra t io n s  G T A  p ro d u ce s  in tra m o lec u la r  c ross l inks  in 

co l lag e n ,  w h ile  at h ig h e r  co n c en tra t io n s  G T A  fo rm s  long  p o ly m e r ic  ch a in s  w hich  

p ro d u c e  in te rm o lec u la r  c ross l inks  (W e a d o c k  et al., 1983). D u e  to  its po ten tia l to  fo rm  

long  p o ly m e r ic  ch a in s ,  g lu ta ra ld e h y d e  can  link res idues  that are  spaced  far apart and  

th e re b y  en h a n c e  the  e x ten t  o f  c ro ss l ink  fo rm a tion .  F u r th e rm o re  G T A  cro ss l in k in g  has  

b e e n  sh o w n  in so m e  s tu d ie s  to  in d u c e  ca lc if ica tion  in vivo; th is  co u ld  be  an ad v an tag e  

fo r  b o n e  graft  subs t i tu te s  (K ikuch i  et  al., 2004, Jo rg e -H er re ro  et al.,  1999). A lth o u g h  

it is w ide ly  used , G T A  c ro ss l in k in g  is o f ten  c i ted  as be in g  und es ira b le  as  it in troduces  

cy to to x ic  a ld e h y d e  m olecu les .  T h e  a ld eh y d e  m ay  rem a in  non -spec if ica l ly  bou n d  to  

the  m atr ix  even  a f te r  ex h a u s t iv e  r insing  and  the  a ld eh y d e s  tha t  h av e  been  inco rpo ra ted  

in to  the  m atr ix  m a y  b e  re le ase d  f rom  the m atr ix  as  it d eg ra d es  (Lee  et al., 2001). 

H e te ro g e n e o u s  c ro s s l in k in g  is a n o th e r  d isa d v an tag e  assoc ia ted  w ith  G T A  (W e ad o ck  

et al., 1983). R u i jg o rk  et  al. inves tiga ted  the  use o f  m ic ro w a v e  i r rad ia t ion  to  en h a n ce  

the  speed  o f  G T A  f ixa t ion  (R u ijg rok  et al.,  1994). H o w e v e r  th is  w as  sh o w n  to be  on ly  

s l igh tly  m o re  e f fec t iv e  than  co n v e n tio n a l  heating .  T h e  a d v a n ta g e  o f  hea ting  (to  50 °C )  

is the fo rm a tio n  o f  m o n o m e r  G T A  from  p o ly m e r  G T A . M o n o m e r  G T A  is though t to  

c ro ss l in k  co l lagen  h o m o g e n e o u s ly  as  it is small en o u g h  to  p ene tra te  the  m atr ix . T he
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diffusion rate will also be higfier than at room tem peratures and the reaction will be 

accelerated.

Figure 1.9 G lutaraldehyde crosslink  form ation (L^e et al., 2001).

1.5.2 Carbodiimides

C arbodiim ides are used to crosslink  many different types o f  functional groups. They 

can be used to form  an isopeptide bond betw een the carboxyl and am ino groups from  

d ifferent residues; the only by-product of this reaction is w ater-soluble urea w hich can 

easily  be rem oved from  the scaffold. The length o f the particu lar carbodiim ide chain 

used is a factor in its effectiveness as a crosslinking agent; shorter carbodiim ides may 

be unable to crosslink residues w ith long separation distances.

In the literature tw o d ifferent types o f carbodiim ide have been used to crosslink 

collagen; cyanam ide (H -N =C =N -H ) and l-e thy l-3-(3-d im ethyl am inopropyl) 

carbodiim ide (ED A C ) (W eadock et al., 1983, P ieper et al., 2000, Lee et al., 2001). 

Both ED A C  and cyanam ide provide no com ponents to the final crosslinked product 

(Figure 1.10), because of this the tw o residues m ust be in d irect contact in situ  and the 

crosslinks form ed are referred  to as “zero  length” crosslinks. C arbodiim ide 

crosslinking has also  been used  to incorporate G A G s into the scaffold by in troducing 

am ide crosslinks (P ieper et al., 2000). Research by M a et al. indicated that the
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presence of lysine during EDAC crosslinking reduced the degradation rate of collagen 

scaffolds whilst degradation was accelerated by the addition glutamic acid (M a et al., 

2004). Unfortunately, no mechanical tests were carried out on the scaffolds in this 

study. Olde Damink et al. (1996) carried out an extensive study optimising the EDAC 

crossiinking of dermal collagen of sheep (non-collagenous constituents were removed 

from the dermal layer). The techniques employed in that study will serve as the basis 

of EDAC crossiinking during the course of this project.
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Figure 1.10 ED A C  crossiinking (Lee et al., 2001).
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1.5.3 Microbial Transglutaminase

Microbial transglutaminase (mTgase) is an enzym e which catalyses the formation o f  a 

crosslink between am ino acid residues in adjacent collagen molecules. A jinomoto 

Corporation Inc. Japan has recently m ade available a microbial form of 

transglutaminase which is suitable for industrial and laboratory use. As a crosslinker, 

transglutaminase is o f  particular interest as it has been show n to mimic in vivo 

crosslinking by creating crosslinks between collagen molecules without altering the 

natural characteristics of  the material, such as the banding period or the triple helical 

structure o f  the molecule.

T ransglutam inases catalyze an acyl-transfer reaction in which y-carboxamide groups 

o f  peptide bound glutamine residues act as the acyl donor and, generally, the e-amino 

groups o f  lysine residues or  som e naturally occurring primary am ino groups that are 

the acyl acceptor. Thus, the polymerisation o f  proteins can be achieved as a result of 

the formation o f  intermolecular or intramolecular 8-(- y-glutamyl) lysine bonds (Chen 

et al., 2(X)5). The treatment has been found to have no cytotoxic effects, when 

collagen scaffolds crosslinked in this m anner were seeded with cells (Chau et al., 

2005). W hen com pared  to controls, Chen et al. (2005) found no increase in apoptosis 

o r  necrosis. Chau et al. (2005) also found an increase in cell attachment after mTgase 

crosslinking.

1.5.4 Ultraviolet Radiation

UV radiation produces radicals in the form o f  unpaired electrons located 

predom inantly  on the nuclei o f  the aromatic residues such as tyrosine and 

phenylalanine. Crosslinks are induced by bonding between these radicals. However,
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long periods o f  irradiation , greater then five hours, have been show n to fragm ent and 

denatu re  the collagen  m olecule. A dditionally , the attenuation  o f U V  light by collagen 

fibres also lim its the achieved degree o f  crosslinking. C rosslink ing  occurs 

preferen tially  at the surface o f the scaffold, producing a scaffold w ith heterogeneous 

m echanical properties. Photosensitisers are com m only  used to  encourage UV 

crosslink ing  o f  collagen. D ong e ta l .  (2004) prom oted UV crosslink ing  by in troducing 

a photosensitive c innam ate to  collagen (Figure 1.1 1). R iboflavin has also  been used as 

a pho tosensitiser (W ollensak  et al., 2003, W ollensak and Spoerl, 2004).

F ig u re  1.11 Photo-crosslink ing  of c innam ated collagen (D ong et al., 2005).

1.5.5 Dehydrothermal Crosslinking

D ehydrotherm al crosslink ing  has long been used to  stabilise collagen and collagen 

com posite  m aterials (Y annas et al., 1980, G orham  et al., 1992, W eadock et al., 1996). 

DH T crosslinking is a physical treatm ent that involves subjecting  collagen to

C ollagen Bacl^bu<ic

\1oliling

M olding
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increased tem perature (>90°C ) wiiile under vacuum . This rem oves w ater from  

collagen , resulting in the form ation o f interm olecular crosslinks through condensation 

reactions e ither by esterification  or am ide form ation (W eadock et al., 1983). The 

c rosslinks form ed by this reaction (Figure 1.12) are betw een the carboxyl groups o f 

asparta te  or g lu tam ate residues and the am ino groups o f  lysine or hydroxylysine 

residues (G orham  et al., 1992). It has also been postulated that a lysino-alanine 

crosslink  w ould also  be form ed (Bohak, 1964, Patchom ik  and Sokolovsky, 1964). 

H ow ever, it was show n that very few  o f these crosslinks are form ed by D H T (5 

crosslinks per 1000 collagen m olecules) and that their effect on the stability o f 

collagen is negligible (G orham  et al., 1992). DHT crosslink ing  has been used to 

sterilise and im prove the m echanical properties o f collagen-G A G  scaffolds originally 

developed at M IT (Y annas et al., 1980, O 'Brien et al., 2004).

cartwxylic group oo free a m n e  oo lysine 
cfxinclrotlifi 6-sulfij1e group of colkigen 
or cxjllugen

Figure 1.12 D H T crosslinking (Y annas and T oboisky, 1967).

T he draw back to the D H T process is that it is a tim e-consum ing treatm ent which may 

not be com plete  even after three days. Studies have show n that crosslink density was 

still increasing after 5 days o f  D H T treatm ent (W eadock et al., 1995). In addition, the 

p rocess has also been show n to denature the collagen and m ake it m ore susceptible to 

enzym atic degradation (G orham  et al., 1992, W eadock et al., 1995, P ieper et al., 

1999). H ow ever, denaturation and crosslink  form ation are not m utually exclusive. The 

tw o p rocesses have been show n to occur sim ultaneously and crosslink form ation 

p redom inates at low tem peratures (G orham  et al., 1992). D H T has also been shown to

O
11 +  H ,N -C o l

R '' 'O H
R — C — N — C o l

O
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make collagen less susceptible to degradation by some digestive enzymes but more 

susceptible to others. In a study by Gorham et al. (1992), DHT treated collagen was 

resistant to pepsin digestion but vulnerable to trypsin digestion. The crosslinks formed 

reduce the number of specific cleavage sites required for pepsin digestion (e.g. lysine 

residues). However, the denaturation caused by DHT makes the molecule more 

accessible to trypsin.

35



1.6 Thesis Objectives

T his overall goal o f  this study w as to develop a series o f novel collagen-G A G  (CG) 

scaffo lds with a range o f structural and m echanical properties and to determ ine how 

these properties influence cellu lar activity. The specific objectives o f  this thesis are:

1. To develop novel freeze-drying techniques in order to  enlarge the range of 

m ean pore sizes that scaffolds can be produced with.

2. To determ ine the effect o f dehydrotherm al (D H T) treatm ent param eters on the 

m echanical properties and denaturation o f  C G  scaffolds.

3. To determ ine the effect o f  glutaraldehyde (G TA ) and I-ehtyl-3-3-dim ethyl 

am inopropyl carbodiim ide (ED A C ) crosslinking on the m echanical properties 

o f  C G  scaffolds. A dditionally , to explore the possibility  o f  com bining the two 

techniques to further im prove properties.

4. To determ ine the effects o f  crosslinking and m echanical properties on cellu lar 

attachm ent, p roliferation and infiltration w ithin CG scaffolds.
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Chapter 2. Development o f novel freeze-drying techniques in 

order to produce scaffolds with a range o f pore sizes
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2.1 Introduction

Porous scaffolds are used extensively  in tissue engineering to provide a three 

d im ensional structure on w hich tissue synthesis can occur. The pore architecture o f 

these scaffolds has been show n to have a significant effect on both physical properties 

and cellu lar activity (N ehrer et al., 1997b, Tsuruga et al., 1997, Z e ltin g e re t al., 2001, 

O 'Brien et al., 2005, O 'B rien et al., 2007). It has been hypothesised that the pore 

d iam eter m ust be large enough to allow  infiltration o f  the cells tow ards the centre o f 

the scaffold, w hilst being small enough to present sufficient ligand density  for cellu lar 

attachm ent (Y annas, 2001, O 'B rien et al., 2005). In addition, the pore size also  

determ ines perm eability  w hich in turn influences the diffusion o f nutrients and wa.ste 

products w ithin the scaffolds as well as the stim ulus applied by flow perfusion 

bioreactors (Porter et al., 2005, O 'B rien et al., 2007). The optim al pore size is 

consequently  dependant on both the cell type and specifics of the tissue engineering 

application. Therefore, for a particu lar scaffold to be suitable for m ultiple 

applications, the ability  to  alter the pore size over a w ide range is essential.

In this study we u.se a freeze-drying process to fabricate porous collagen-G A G  (CG ) 

scaffolds w hich have been used in a variety o f studies (C ham berlain et al., 1998, 

Farrell et al., 2006, B yrne et al., 2008, H augh et al., 2008). U sing this technique, a 

suspension o f collagen and chondroitin  sulphate is frozen, trapping the collagen-G A G  

fibres betw een grow ing ice crystals. This produces a continuous netw ork o f  ice 

crystals surrounded by CG fibres. Subsequent sublim ation o f  the ice crystals during 

the drying phase leads to the form ation o f a highly porous CG scaffold (Freym an et 

al., 2001, O 'B rien et al., 2004). As the pore structure o f  the scaffold m irrors the ice
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crystal structure form ed during freezing, pore structure can be effectively  controlled 

by altering the freezing process used during freeze-drying (Schoof et al., 2001). 

A ccordingly, m odifications to  this process are the key to creating  a range o f scaffolds 

with different pore structures.

Previous work has investigated the effects o f the cooling  rate and freezing 

tem perature (Tf) used in the freezing process (O ’Brien et al., 2004, O 'B rien et al., 

2005). C ooling rate was found to  determ ine the hom ogeneity  o f  the structure w hereas 

freezing tem perature influenced the pore size. The results show ed that pore size 

decreased with Tf dow n to -40°C. H ow ever, that study w as restricted  to a Tf o f -40°C 

due to technical lim itations; the freeze-dryer used in this study has the ability to reach 

a Tf o f -70°C, allow ing the work o f O ’Brien et al. (2005) to be expanded upon. W e 

hypothesise that reductions in Tf below  -40°C will result in scaffo lds with a sm aller 

m ean pore size. As described in C hapter 1, annealing  is an additional step in the 

freeze-drying cycle w hich involves raising  the tem perature o f  the frozen suspension 

after freezing in order to increase the rate of ice crystal grow th by reducing viscosity 

(Searles, 2004). W hile, annealing has been used to create larger ice crystals in order to 

facilitate shorter drying tim es for freeze-dried pharm aceuticals, the effects of 

annealing on the pore structure o f  freeze-dried scaffolds have yet to  be investigated 

(Searles et al., 2001). W e hypothesise that annealing  can be used to increase the pore 

size o f  C G  scaffolds. T herefore, the specific objectives o f  this study were 1) to 

determ ine effects o f reducing Tf below  -40°C  and 2) to test our hypothesis on the 

effects o f  annealing on the pore size o f  CG  scaffolds.
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2.2 Materials and Methods

2.2.1 Slurry Fabrication

To prepare the slurry, type I bovine collagen (Integra Life Sciences, Plainsboro, NJ), 

chondroitin-6-sulphate (Sigma-Aldrich, Germany) and 0.05 M glacial acetic acid were 

blended together at 15,000 rpm using an overhead blender (Ultra Turrax T18, IKA 

Works Inc., W ilmington, NC). Blending was carried out in a reaction vessel, which 

was maintained at 4°C using a circulation cooling system (WKL 230, Lauda, 

Germany). The resulting collagen-G AG  slurry contained 0.5% (w/v) collagen and 

0.044%  (w/v) chondroitin-6-sulfate. The slurry was degassed in a vacuum desiccator 

for 60 niin to remove trapped air bubbles after blending.

2.2.2 Freeze-drying

The CG slurry was freeze-dried follow ing the protocol developed by O ’Brien et al. 

(2004). Briefly, 67.25 ml o f the collagen-G AG  slurry was pipetted into a stainless 

steel tray ( 5 x 5  in, grade 304 SS). The tray was placed onto the freeze-dryer shelf 

(Advantage EL, VirTis Co., Gardiner, NY) and the freezing cycle was started. Several 

variations o f  the freezing cycle were used in this study. In order to determine the 

effect o f  Tf on pore size, scaffolds were produced with a Tf o f -10, -40, -50, -60 and - 

70°C (Figure 2.1). Producing scaffolds at a Tf o f -10 and -40°C allowed us to 

determine any differences between scaffolds fabricated by O ’Brien et al. (2005) at 

M.I.T. and those produced in our lab.
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Figure 2.1 Time-temperature plot illustrating the standard freeze-drying cycle and alterations to the 

final freezing temperature. A ) Temperature is held at 20°C for 20 min to allow the suspension to reach 

a uniform temperature. B) The shelf is cooled to the final freezing temperature at a rate o f 0.9°C/min 

and C) held at this temperature for 60 min to allow the suspension to freeze. D) The sample is then 

heated to 0°C at a rate o f 0.9°C/min before the onset of the drying cycle. The cycle outlined in blue (Tf 

-40) is the standard freeze-drying cycle developed by O ’ Brien el al. (2005).

Additionally, an annealing step was introduced into the freezing process (Figure 2.2). 

The samples were frozen using a T f o f -20°C after which the temperature was 

increased to -10°C in order to start annealing. Annealing times o f 0.25, 6, 12, 18 and 

24 hours were used to determine the effects o f annealing on pore size (Figure 2.2, E). 

Once freezing was complete, the ice crystals were removed via sublimation fo r 17 h at 

0°C and 2(X) mTorr. Samples were then crosslinked in preparation for histological 

analysis.
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Figure 2.2 Time-temperature plot for a standard annealing cycle. A) Temperature is held at 2()°C for 

20 min to allow the suspension to reach a uniform temperature. B) The shelf is cooled to -20°C at a 

constant cooling rate of 0.9°C/min and C) held at this temperature for 20 min to allow the suspension to 

freeze. D) The frozen solution is then heated to -IO°C at a rate of 0.9°C/min and E) held there for a set 

annealing time, which was varied from 0.25-48 hours in this study. F) The sample is then heated to 

0°C at a rate of 0.9°C/min before the onset of the drying cycle.

2.2.3 Crosslinking

After freeze-drying, dehydrothernial (DHT) treatment was used to stabilise the CG 

scaffolds. DHT treatment was carried by placing the scaffolds in an aluminium fo il 

packet inside a vacuum oven (Vacucell 22, M M M , Germany) under a vacuum o f 0.05 

bar at 105°C for 24 hours. This is the standard protocol u.sed in several studies (Lee et 

al., 2001, O'Brien et a!., 2004, O'Brien et al., 2005). Follow ing D HT treatment, 

samples were prepared fo r pore size analysis.

2.2.4 Pore Size Analysis

Pore size was determined using a histological technique previously described by 

O ’ Brien et al. (2004). From each scaffold variant; four sets o f cylindrical samples (8 

mm diameter, 4 mm height) were cut using a punch. The samples were then 

embedded in JB4 glycomethacrylate (Polysciences, Germany), two in the longitudinal

42



plane and tw o in the transverse plane. The em bedded sam ples w ere sectioned at 5 |im  

th ickness using a m icrotom e (Leica RM  2255, Leica, G erm any), every 20'*’ section 

was used to give a gap o f  100 |am betw een sections. The sections w ere m ounted on 

slides and .stained using 2% aniline blue. D igital im ages w ere recorded using a 

m icroscope at 125x m agnification (O ptim phot2 , N ikon, Japan). A total o f  10 digital 

im ages were taken from  each o f  the sam ples to give a total o f  40  im ages from  each 

scaffold variant.

A nalysis o f  the digital im ages w as carried  out using a M atlab program  developed  in 

conjunction with C ian M aca Bhaird, Dr. Francois Petit and Prof. A nil K okaram  from  

the E lectrical Engineering D epartm ent at T rin ity  C ollege Dublin. A nalysis w as carried 

out in tw o stages. The program  first thresholds the im age, converting  it in to  a binary 

im age consisting o f black and w hite p ixels and an algorithm  is run to rem ove blotches 

from  the im age. The second stage consists o f  pore analysis, w hich uses the fo llow ing 

algorithm :

1. A random  pixel w ithin the im age is selected. R eiterations o f the algorithm  

select a random  pixel that has yet to be selected.

2. The distance from  this point to the nearest pore boundary  is calcu lated  through 

360°. A distance vs. angle plot gives a po lar representation  o f the pore. This is 

then post-processed to rem ove false m easures due to blotches or low  contrast 

edges.

3. The m ajor and m inor axes are calculated  by selecting the largest and sm allest 

orthogonal diam eters o f the pore's polar graph.

4. The pixels inside the pore are m arked as selected and the process is repeated 

until at least 70%  o f the p ixels in the im age are m arked as selected.
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In this fashion the average pore size can be calculated  for each section. The pore size 

referred to throughout this chapter, is the d iam eter o f a circle with a cross-sectional 

area equivalent to that o f the best fit ellipse that is generated  by the software.

Figure 2.3 M atlab analysis o f a stained section. A) Section prior to analysis, B) after threshold and 

cleanup, and C) after analysis using the M atlab code, displaying the max and min axes. The interface 

for the pore topography analysis program  is show n in D.

2.2,5 Differential Thermal Analysis

D ifferential therm al analysis (D TA ) was used in order to gather further inform ation 

and explain  the structural changes that take place as the Tf o f  the C G  suspension is 

varied. DTA m easures the d ifference in tem perature betw een the sam ple and a 

reference, thus m onitoring exotherm ic or endotherm ic changes observed as a solution 

melts. These exotherm ic and endotherm ic changes indicate subtle changes in the
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viscosity o f  a frozen sam ple as it is m elted. For exam ple, if  the viscosity o f a sam ple 

reduces suddenly as it m elts, the rate o f  increase in tem perature will rise due to 

im proved m obility  w ithin the frozen suspension. U sing D TA , this will be observed as 

a reduction in the tem perature difference (delta T) m easured betw een the sam ple and 

reference. DTA analysis w as carried  out using a Lyotherm  2 (B iopharam a, UK). The 

tem perature o f the C G  sam ple together and the reference m aterial (A nalaR  water) 

w ere m easured at 5 second intervals as they w ere heated from  -I50°C . Raw data  was 

exported, and interpretation o f  the cooling  profile carried  out to determ ine the 

tem peratures o f the significant events, w hich could be attributed to  structural changes 

occurring in the C G  suspension.

2.2.6 Statistical Analysis

R esults are expressed as m ean ± standard deviation. O ne-w ay analysis o f  variance 

(A N O V A ) follow ed by pairw ise m ultiple com parison procedures (SN K  test) w as used 

to evaluate the effects o f Tf and annealing on the pore size o f C G  scaffolds. Statistical 

significance was declared at p<0.05.
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2.3 Results

2.3.1 Freezing Temperature

Pore size was found to decrease with Tf until -50°C (p<0.05), subsequent reductions 

in Tf did not result in a significant change in pore size (Figure 2.4, Table 2.1). The 

results show that alterations o f the Tf can be used to produce scaffolds with a mean 

pore size ranging from 84.6 to 324.9 |am. A Tf of -10°C produced scaffolds with the 

largest pores at 324.91 |im , while scaffolds produced using a Tf of -60°C had the 

smallest pore size at 84.66 |im  (Figure 2.5).
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Figure 2.4 The effect of freezing temperature on pore size (n=4 per group, * p<0.001 compared to - 

IO°C group, #  p<0.05 compared to -40°C group, no differences were found between -50, -60 and -70°C 

groups).

Tf(°C ) -10 -40 -50 -60 -70

Pore size (|am) 324.9 120.0 91.3 84.6 95.8

Pore size SD (jam) 22.1 11.7 10.1 5.7 6.9

Table 2.1 The pore sizes produced at different values of T,.
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Figure 2.5 Digital images of the stained scaffold sections captured at 125x magnification. The mean 

pore size can be seen to decrease with T| until -50°C.
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2.3.2 Annealing

Results show that as annealing time increased an initial decrease in pore size can be 

seen from 0.25 to 6 h, after which the pore size increases to a peak at 18 h (Figure 2.6, 

Table 2.2). Annealing times beyond 18 h had no additional effect on pore size. 

Annealing for 18 h produced a 40% increase in the size o f the pores initially produced 

(0.25 h, p<0.001). An annealing time o f 18 h produced scaffolds with the largest pores 

at 191.4 |am, while scaffolds produced using an annealing time of 6 h had the smallest 

pore size at 112.5 pm (Figure 2.7).
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Figure 2.6 The effect of heat anneahng on pore size (n=4 per group, * p<0.05 compared to 0.25 h 

group, no differences were found between 0.25 and 12 h groups).

Annealing time (h) 0.25 6 12 18 48

Pore size (pm) 135.6 112.5 143.8 191.4 190.6

Pore size SD (pm) 8.6 12.3 16.6 17.8 13.8

Table 2.2 The pore sizes produced at different annealing times.
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Figure 2.7 Digital images of the stained scaffold sections captured at 125x magnification. The mean 

pore size can be seen to increase after an annealing time of 18 hours.
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2.3.3 Differential Thermal Analysis

D TA  w as used to determ ine the tem peratures at w hich structural changes occur within 

the frozen C G  suspension (Figure 2.8). Delta T  represents the difference in 

tem perature betw een the C G  sam ple and pure w ater as they are heated from  -IOO°C. 

An increase in delta T  indicates an increase in the viscosity o f  the sam ple, w hile a 

reduction in delta T  indicates the opposite. DTA analysis show s three distinct 

phenom ena as the sam ple w as heated from  -100 to 0°C. An increase in viscosity (or 

hardening) can be seen up to  -66°C (Figure 2.8, A), fo llow ed by a reduction in 

viscosity  (softening) at -42°C  (Figure 2.8, B). Finally, the onset o f m elting occurs at 

-6°C (Figure 2.8, A).
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Figure 2.8 DTA analysis o f the CG suspension. Delta T, represents the difference in temperature 

between the CG suspension and the reference. The follow ing phenomena were ob.served: A) hardening 

o f the structure at -66°C, B) softening of the frozen structure at -42°C and C) onset o f ice melting at - 

6°C.

W hile this data relates to changes in the structure as it m elts, it should be noted that 

the behaviour during  freezing will be the opposite. For exam ple, a reduction in the 

viscosity  o f a frozen suspension during m elting points to  an increase in viscosity at
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the same temperature during freezing. Therefore, DTA indicates ice crystal nucleation 

at -6°C, follow ed by an increase in viscosity o f  the frozen suspension at -42°C and 

finally, a reduction in viscosity at -66°C. The increase in viscosity at -42°C may 

indicate the glass transition temperature o f the suspension and explain why reductions 

in T f have a limited effect below -40°C (Figure 2.4).

2.4 Discussion

The pore structure o f 3-D scaffolds used in tissue engineering has been previously 

shown to influence cellular activity (Tsuruga et al., 1997, Zeltinger et al., 2001, 

O ’Brien et a!., 2005). With this in mind, the aim o f this study was to develop  

m ethodologies to produce a range o f  scaffolds with different mean pore sizes. 

Scaffolds were fabricated using several alterations to the freeze-drying protocol 

developed by O ’Brien et al. (2004). The freezing temperature (Tf) was varied from - 

10 to -70°C and an annealing step was introduced to the cycle. W e found that the pore 

size o f the scaffolds decreased with decreasing T f until -50°C, after which no 

significant changes in pore size were observed. Additionally, annealing was found to 

result in a significant increase (40%) in pore size after 18 h. Taken together, these 

results demonstrate that m ethodologies developed in this study can used to produce a 

range o f CG scaffolds with mean pore sizes from 85 to 325 |im . This facilitates the 

investigation o f the effects o f  pore size on both in vitro and in vivo performance, and 

the determination o f the optimal pore structure for specific tissue engineering 

applications.

In this study we have investigated the effects o f  freezing temperature and annealing 

on the pore structure o f  CG scaffolds. The effects o f freezing temperature have been
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investigated  in previous studies (Park et al., 2002, Zm ora et al., 2002, Chen et al., 

2007, Faraj et a!., 2007). H ow ever, in these studies the cooling  rate was also varied in 

conjunction  with the freezing tem perature; m aking it d ifficult to determ ine the 

specific m echanism s behind changes in pore structure. In addition, freeze-drying in 

this study was carried  out using a freeze-dryer equipped w ith a tem perature controlled 

shelf. This allow ed control o f  the cooling  rate and elim inated the possibility  o f sam ple 

thaw ing during transport betw een the freezing and drying apparatus, w hich w ere 

separate devices in m any studies (Park et al., 2002, Zm ora et al., 2002, Faraj et al., 

2007). The use o f  annealing  to  a lter the pore size o f  a freeze-dried  scaffold is a novel 

aspect o f this study. A nnealing has been used previously to encourage crystallisation 

and reduce the drying cycle  tim es o f  pharm aceuticals (G atlin and D eluca, 1980, 

K orey and Schw artz, 1989, Searles et al., 2001), but has yet to be investigated for its 

effects on the structure o f freeze-dried  scaffolds.

Several studies have investigated  the effects o f cooling rate on the pore structure o f  

freeze-dried  scaffolds. It has been show n that slow cooling rates (< l°C /m in ) produce 

scaffolds with large pores, w hile fast cooling rates (> l°C /m in ) produce scaffolds w ith 

sm aller pores (Park et al., 2002, Faraj et al., 2007). H ow ever, a study by O ’Brien et al. 

(2004) has show n that cooling  rate also  affects the uniform ity o f the pore structure. It 

w as found that a cooling  rate o f  0 .9°C /m in produced scaffolds with hom ogeneous 

pore structure, w hile qu icker or slow er cooling rates reduced the uniform ity o f  the 

structure form ed (O 'B rien et al., 2004). This has also  been show n to be the case with 

freeze-dried  alg inate scaffolds (Z m ora et al., 2002). On this basis, it w as decided to  

keep a constant cooling rate o f 0 .9°C /m in and m odify alternative aspects o f  the 

freezing cycle in this study.
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O ’Brien et al. (2005) reported  a pore size o f 150.5 and 95.9 |am for scaffolds 

fabricated at a freezing tem perature o f  -10 and -40°C  respectively . O ur results 

how ever, show a pore size o f  324.9 and 120.1 |jm  fo r scaffolds fabricated  at the same 

tem peratures. The discrepancy betw een these results can be accounted for by 

differences in the trays used to contain  the C G  suspension and the m ethods used to 

m easure pore size. To prevent w arping at low tem peratures, the thickness o f  the 

stainless steel trays used in this study w as tw ice that o f the trays used by O ’Brien et 

al. (2005). This change may decrease the cooling rate o f the solution, w hich has been 

show n to increase pore size, therefore explaining the larger pore size found in our 

study. The tray th ickness may have had less o f  an effect at a Tf o f  -40°C , because ice 

crystal grow th rate is slow er at this tem perature due to increased viscosity. 

A dditionally , d ifferences in the m ethods used to m easure pore size may also  account 

for the discrepancy betw een the studies. In order to investigate this further, an 

expenm ent was carried out to quantify  the d ifference betw een pore size analysis using 

the M atlab code em ployed in this study and the Scion Im age™  m acro used by 

O ’Brien et al. (2005). The M atlab code w as found to report a larger pore size than that 

reported by the Scion Im age™  m acro (Figure 2.9). H ow ever, significant d ifferences 

in pore size were still found w hen slides from  the tw o studies w ere analysed w ith the 

sam e softw are, dem onstrating  that d ifferences in cooling rate are the m ost likely cause 

for the d iscrepancy betw een the studies. A dditionally , it should be noted that the 

m ethods used are qualitative as they u.se 2D  sections to  study 3D structures.
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Figure 2.9 The effects o f measurement technique and fabrication on pore size (n=10). Sample images 

from scaffolds fabricated using a Tf of -10°C at RCSI and at M IT  (by O ’ Brien et a l.) were analysed 

using both the Matlab code and the Scion Image™ macro. The pore size measured by the Matlab code 

was found to be on average 26% larger than that measured using the Scion Image™ macro.

It was found that while pore size decreased with Tf until -50°C, reductions in Tf below 

this did not result in a significant change in pore size. The size o f ice crystals formed 

during freezing is dependant on the nucleation rate o f the crystals and the rate o f heat 

and protein diffusion w ithin the frozen suspension. As the temperature is reduced, the 

rate o f heat and protein diffusion also decreases, reducing the size o f the ice crystals 

formed. However, when the temperature drops below the glass transition temperature 

(Tg), the viscosity o f the frozen suspension increases to the point where ice crystal 

growth is negligible (Akyurt et al., 2002, Searles, 2004). D TA  analysis indicates an 

increase in viscosity at -42°C (Figure 2.8, B), which correlates with the reduction in 

ice crystal growth between -40 and -50°C indicated by the pore size data (Figure 2.4). 

These results suggest that the glass transition temperature is in the v ic in ity o f -42 to 

-50°C, and that subsequent reductions in Tf have no effect on pore size due to the 

increased viscosity.
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Annealing was found to cause an initial decrease in pore size follow ed by an increase 

after 18 hours annealing duration. During annealing a phenomenon known as Ostwald 

ripening occurs, which is the preferential melting o f  dispersed ice crystals that are 

smaller than a critical size, due to their higher vapour energy (Searles, 2004). The 

melting o f  these crystals coupled with increased temperatures reduces the viscosity o f  

the unfrozen suspension allowing the remaining ice crystals to grow. This ripening 

can be seen as the pore size o f  the scaffolds initially decreases up to an annealing time 

o f 6 h and then increases afterwards as the remaining ice crystals grow due to the 

reduction in the viscosity o f  the suspension.

2.5 Conclusion

Pore size has been previously found to be an important aspect o f scaffold design  

(Nehrer et al., 1997b, Tsuruga et al., 1997, Zeltinger et al., 2001, O'Brien et al., 2005). 

The results of this study show that m odifications to the freeze-drying cycle can be 

used to produce a variety o f CG scaffolds with a wide range o f mean pore sizes (85 to 

325 pm). Altering the Tf was found to be the most effective method o f varying pore 

size, although annealing may prove useful when com bined with high Tf. In addition, 

DTA com bined with pore size analysis indicate that the glass transition temperature of 

the CG suspension is between -42 and -50°C. The scaffolds produced in this study 

provide a basis for the investigation o f the effects o f  pore size on cellular activity.
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Chapter 3. The effect o f dehydrothermal treatment on the 
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3.1 Introduction

Dehydrothermal (DHT) treatment is a common technique for stabilising collagen and 

collagen composite materials (Yannas et a!., 1980, Gorham et al., 1992, Weadock et 

al., 1996). It is a physical treatment that involves subjecting collagen to increased 

tem perature (>90°C) while under vacuum. These conditions remove bound water 

from collagen molecules, resulting in the formation of intermolecular crosslinks 

through condensation reactions either by esterification or amide formation (Yannas 

and Tobolsky, 1967, Yannas, 1972). DHT treatment is favourable to other 

crosslinking methods as it does not involve the use of cytotoxic reagents. A further 

advantage of DHT treatment is the sterilisation provided by the high temperatures and 

exposure periods used. Previous studies on DHT treatment have shown that increasing 

DHT temperature and exposure duration improves the mechanical properties of 

collagen fibres (W eadock et al., 1995, Wang et al., 1994).

In addition to forming crosslinks, the high temperatures used during DHT 

crosslinking have been shown to denature collagen (Yunoki et al., 2(X)3). 

Denaturation is defined as rearrangement of the triple helix into a random chain 

configuration (Miles and Bailey, 2001). While generally considered undesirable as it 

disrupts the native collagen conformation, denaturation may reduce the inflammatory 

response and increase cellular infiltration in vivo (Koide et al., 1993). A greater 

knowledge o f the level o f denaturation after DHT treatment will enable further 

investigation of the relationship between cellular activity and denaturation.
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D espite the w idespread  use o f  D H T treatm ent on collagen film s, fibres and scaffolds, 

a detailed analysis has not been carried out to  determ ine how the process param eters 

affect co llagen-G A G  (CG ) scaffold param eters. Therefore, the specific objectives o f 

this study w ere to  1) determ ine the range o f  com pressive and tensile properties 

achievable using D H T by varying tem perature and exposure period, 2) to  evaluate the 

level o f crosslink ing  after D H T treatm ent, 3) to establish the level o f  denaturation 

after crosslinking, and 4) to correlate changes in m echanical properties with 

crosslinking and denaturation.

3.2 M aterials and M ethods

3.2.1 Scaffold Fabrication

Scaffolds were produced by freeze-drying a collagen-G A G  slurry as described in 

chapter 2 (Sections 2.2.1 & 2.2.2.). Briefly, a slurry containing 0.5%  (w/v) collagen 

and 0.044%  (w /v) chondro itin -6-su lfate  was prepared. This slurry w as then freeze- 

dried using a Tf o f  -40 (Section 2.2.2, Figure 2.1). This process produces a highly 

porous sheet o f C G  scaffold, w ith an average pore size of 120 |am (Section 2.3.1, 

Table 2.1).

3.2.2 Differential Scanning Calorimetry

D ifferential scanning calorim etry  (D SC ) was used in order to determ ine how  the 

tem peratures used during D H T affect the physical and chem ical properties of 

collagen. DSC is a m ethod w idely used in po lym er science to study the therm al 

behaviour o f m aterials as they undergo changes upon heating. DSC m easures the heat 

flow necessary to m aintain a constan t heating rate (°C /m in) while heating a sam ple. 

W hen collagen is heated, the crystalline triple helix o f collagen is transform ed into

59



amorphous random coils, resulting in shrinkage of the collagen molecule. This shows 

up as a peak in the heat flow of a DSC curve (Mentink et al., 2002). Figure 3.1 shows 

a DSC curve of a collagen sample and the peak corresponding to the onset of 

denaturation (denaturation temperature).

d e n a tu ra tio no n se t

Temperature (°C)

Figure 3.1 D.SC scan o f a collagen sam ple (A dapted from  M entink et al, 2002).

Two different cycles were run on 8 mm diameter collagen samples. During the first 

cycle a sample was heated from -50°C to 200°C. This allowed measurement of the 

denaturation temperature as illustrated in Figure 3.1. During the second cycle the 

percentage weight of the collagen was measured as it was heated from 30°C to 700°C 

at 10°C per minute. This allowed me to examine the behaviour of collagen at the 

temperatures used during DHT treatment and determine the onset o f thermal 

decomposition/degradation.
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3.2.3 DHT Treatment

DHT treatment was carried out by placing the scaffolds in an aluminium foil packet 

inside a vacuum oven (Vacucell 22, MMM, Germany) under a vacuum of 0.05 bar. 

To determine the effect of DHT parameters on CG scaffold properties, exposure 

period and crosslinking temperature were varied. Exposure period was varied from 24 

h to 120 h, at 24 h intervals, and four crosslinking temperatures were used: 105°C, 

120°C, 150°Cand 180°C.

3.2.3 Mechanical Testing

Compressive and tensile testing were used to determine the effect of DHT parameters 

on the mechanical properties of the scaffolds. Mechanical testing of scaffold samples 

was carried out using a mechanical testing machine (Z050, Zwick/Roell, Germany) 

fitted with a 5-N load cell. Samples were pre-hydrated in phosphate buffered saline 

(PBS) (Sigma-Aldrich, Germany) for one hour prior to testing and all testing was 

carried out in a bath of PBS. For unconfined compression testing with impermeable, 

un-lubricated platens, samples of 8 mm diameter were cut from the scaffolds using a 

punch. For tensile testing, rectangular strips (10 x 40 mm) were cut from the scaffolds 

using a razor blade. The gauge length used for tensile testing was 25 mm. Both tensile 

and compressive testing were conducted at a strain rate of 10%/min. The modulus was 

defined as the slope of a linear fit to the stress-strain curve over 2-5% strain, avoiding 

the less stiff toe region of the stress-strain curve.
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3.2.4 Fourier Transform Infra-red Microscopy

Fourier transform  infra-red (FT -IR ) spectra were used to investigate the level o f  

crosslink ing and co llagen  denaturation after D H T treatment (Gordon et al., 1974, 

Y unoki et al., 200 3 , Sung, 1972). FT-IR m icroscopy w as carried out using a Spectrum  

O ne FT-IR (Perkin Elm er, U K ). C ylindrical sam ples (8 mm diam eter) were used for  

the analysis. Spectra w ere analysed  using a free-ware program, Spekw in  (D altrozzo  

Group, U niversity  o f  K onstanz, G erm any). Form ation o f  crosslinks through DH T  

treatm ent can be m onitored by an alysin g the am ide II band absorbance peak at 1553  

cm  ' (W ang et al., 2003 , M u yon ga et al., 2004 ). The band at 1553 cm"' is proportional 

to the am ount o f  N H 2, w hich  is converted to NH during the form ation o f  crosslinks  

through condensation  reactions (Y annas and T ob oisk y, 1968). Therefore, a decrease  

in the absorbance at 1553 cm  ' corresponds to an increase in the number o f  crosslinks. 

The absorbance at 1553 cm  ' w as norm alised to the absorbance at 1450 cm  ' (1553  

cm  '/1 4 5 0  cm  '), w hich  is unaffected  by the form ation o f  crosslinks or denaturation  

(Su ng, 1972, M uyonga et al., 2004 ). The inverse o f  this ratio w as defined  as the 

effec tiv e  crosslink  density.

T he absorbance peak at 1235 cm  ' (w aves per cm ) is a ffected  by ch an ges in the triple 

helica l structure o f  co llagen  and can therefore be used to quantify the denaturation o f  

a co llagen  sam ple. The absorbance at 1235 cm  ' w as norm alised to the absorbance at 

1450 cm  ' (Y unoki et al., 2003 , Sung, 1972, Gordon et al., 1974). By m easuring the 

absorbance o f  an untreated sam ple (0% denatured) and gelatine (co llagen  that has lost 

its triple helical structure and is therefore 100% denatured), linear interpolation was 

used to m easure the percentage denaturation o f  a test sam ple (Y unoki et al., 2003 , 

Gordon e ta l . ,  1974).
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3.2.5 Statistical Analysis

R esults are expressed  as m ean ± standard deviation. T w o-w ay analysis o f  variance 

(A N O V A ) follow ed by pairw ise m ultiple com parison procedures (Tukey test) was 

used to  evaluate the effects o f  D H T exposure period and tem perature on com pressive 

m odulus, tensile m odulus, denaturation  and crosslinking density . M ultip le linear 

regression analysis was used to exam ine correlations betw een m echanical properties, 

crosslinking density  and denaturation. Separate regressions fo r com pressive and 

tensile m oduli w ere carried  out, with percentage denaturation  and crosslink  density  set 

as the independent variables. Statistical significance was declared at p<0.05. A 

correlation  betw een  tensile m odulus and denaturation  was found upon analysis. In 

order to further investigate this relationship  a subset o f  the data was tested to  failure in 

tension and the ultim ate tensile strength and strain to failure were calculated.

3.3 Results

3.3.1 Differential Scanning Calorimetry

Figure 3.2 show s the percentage w eight o f  the collagen as it is heated from  30°C to 

700°C  at 10°C per m inute. This curve is characterised  by three events: 1) rem oval o f 

w ater (30-200°C ), 2) therm al degradation o f the collagen (200-450°C ) and 3) 

com bustion  of degraded sam ple (450-700). D egradation o f the collagen at 200°C is 

im portant as it indicates the highest possible tem perature for therm al treatm ent o f  the 

collagen. D H T at o r above this tem perature would degrade the collagen and negate 

any benefit gained from  crosslinking.
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Figure 3.2 DSC scan 1: Percentage weight of collagen as it i.s heated.

Figure 3.3 shows a cycle in which the sample is heated from -40 to 200°C. The peak 

in the curve at 94.94°C indicates the denaturation temperature of the collagen sample. 

This suggests that DHT crosslinking denatures the collagen scaffolds, as the treatment 

takes place at temperatures above 94.94°C.
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Figure 3.3 DSC Scan 2: D enaturation profile o f a collagen sam ple.

3.3.2 Mechanical Properties

Analysis of the mechanical properties following DHT treatment revealed that 

compressive modulus increased with increasing temperature but not with increasing 

exposure period (Figure 3.4). At 24 h, compressive modulus increased 2-fold for 

scaffolds crosslinked at 180°C compared to 105°C (p<O.OOI). Exposure penod had no 

effect on compressive modulus at 105, 120 and 150°C (p>0.05). However, at I80°C 

the modulus decreased by 20% when the exposure period was increased beyond 24 h

(p<0.001).
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Figure 3.4 Compressive modulus versus DHT exposure period at four different crosslinlcing 

temperatures (n = 10 samples per temperature/duration combination).

Tensile modulus increased with both increasing temperature and increasing exposure 

period (Figure 3.5). Tensile modulus increased 3.8-fold when temperature was 

increased from I05°C to I80°C (p<O.OOI). Increasing exposure duration had no effect 

on tensile modulus at I05°C (p>0.05), whereas at 120 and I50°C there was an 

increase in tensile modulus w ith increased exposure duration (p<0.05). A t I80°C, the 

modulus decreased by up to 26% after 72 h (p<O.OOI).
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Figure 3.5 Tensile m odulus versus DH T exposure period at four different tem peratures (n =  6 sam ples 

per tem perature/duration com bination).

3.3.2 Crosslink Density

FT-IR analysis o f  D H T treated sam ples show  that the level o f  N H t decreased with  

increasing temperature but not exp osu re period (p< 0.05). S ince N H 2 leve ls are 

inversely  proportional to crosslink  density  (W ang et al., 2003 ), this dem onstrated an 

increase in the crosslink density with increasing temperature but not exposure period  

(Figure 3.6). This correlation is analysed  in m ore detail in section  3.3.4.
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Figure 3.6 Crosslink density versus DHT exposure period at four different temperatures (n = 3 samples 

per temperature/duration combination).

3.3.3 Denatiiration

FT-IR analysis showed that denaturation increased w ith D HT temperature (Figure 3.7, 

p<0.05). Increasing exposure period had no effect on denaturation at 105 and I80°C 

(p>0.05). However, at 120 and 150°C denaturation increased w ith exposure period 

(p<0.05). Scaffolds contained 25% denatured collagen after treatment at 105°C for 24 

h and 60% denatured collagen after extensive treatment at 180°C for 120 h.
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Figure 3.7 Denaturation versus DHT exposure period at four different temperatures (n = 3 samples per 

temperature/duration combination).

3.3.4 Multiple Linear Regression

M ultip le linear regression analysis was carried out to investigate correlations between 

elastic moduli, denaturation and crosslink density. Analysis showed the effect o f 

denaturation on compressive modulus was not significant, nor was the effect o f 

crosslink density on tensile modulus. Therefore, these variables were removed in the 

relevant regressions and the regressions were subsequently sim plified. The 

compressive modulus was found to be highly correlated with crosslink density (Figure 

3.8 A, p<0.001, R‘ =0.70). The tensile modulus was highly correlated w ith percentage 

denaturation (Figure 3.8 B, p<0.001, R^=0.85).
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Figure 3.8 Linear regressions of moduli against crosslink density and denaturation. A: Compressive 

modulus correlated with crosslink density. B: Tensile modulus correlated with denaturation.

As tensile modulus was correlated with denaturation, samples at three levels o f 

denaturation, (25, 40 and 60% corresponding to treatments o f 105°C for 24 h, 150°C
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for 48 h and 180°C for 48 h respectively) were tested to failure in tension. There was 

a significant decrease in UTS with increasing denaturation (Figure 3.9 A, p<0.05). 

Strain to failure also decreased significantly with increasing denaturation (Figure 3.9 

B, p<0.001).
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Figure 3.9 T he rela tionsh ip  betw een tensile properties and denaturation. A: U ltim ate tensile strength 

versus percent o f denaturation  (n =  3 per group). B: Strain to failure versus percent o f  denaturation (n = 

.3 per group).
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Additionally, as denaturation increased the mode o f tensile failure was also found to 

shift from ductile to brittle (Figure 3.10). Samples with moderate levels o f 

denaturation (25-40%) can be seen to weaken before failure, while more extensively 

denatured samples fa il abruptly.
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Figure 3.10 Stress-slrain curves showing the effect o f denaturation on the mode o f tensile failure.

3.4 Discussion

The mechanical properties o f scaffolds for tissue engineering are critical for 

preserving structural integrity and functionality during both in vivo implantation and 

long-term performance. In addition, the mechanical and structural properties o f the 

scaffold can direct cellular activity and further determine the functionality o f a tissue- 

engineered construct (Engler et al., 2004a, Engler et al., 2004b, Engler et al., 2006, 

Yeung et al., 2005). In this context, the aim o f this study was to investigate the effects 

o f dehydrothermal crosslinking treatment on the mechanical and structural properties 

o f a CG scaffold used for tissue engineering applications. Temperature (105-I80°C ) 

and exposure period (24-120 h) o f DHT treatment were varied to determine the 

effects o f these parameters on the mechanical properties, crosslinking density and
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denaturation o f  C G  scaffolds. A s expected, increasing the tem perature and duration of 

D H T treatm ent resulted in an increase in Y oung’s m oduli. C om pressive m oduli 

increased up to 2-fold, w hile tensile m oduli increased alm ost 4-fold. C rosslink  density  

increased with D H T tem perature but not exposure period. D enaturation increased with 

DHT tem perature and exposure period, ranging from  20% to 60%  denaturation . Taken 

together, these results indicate that D H T treatm ent is a viable technique fo r altering 

the m echanical properties o f C G  scaffolds. A ccordingly, D H T treatm ent can be used 

to produce C G  scaffolds w ith a range o f m echanical properties and denaturation  

levels. This provides both a m eans to ta ilo r C G  scaffolds for specific tissue 

engineering applications and a 3D in vitro  m odel system  to study how m echanical 

properties and denaturation  affect cell function.

In this study we inve.stigated the effects o f  varying D H T param eters on both 

com pressive and tensile properties o f C G  scaffolds. The effects o f D H T param eters on 

crosslink density  and denaturation w ere also investigated  and correlated  w ith the 

m echanical properties. The detailed analysis o f D H T treatm ent and the resulting 

effects is a key strength o f  this study. In contrast, previous studies have predom inantly  

investigated the effects o f  D H T treatm ent on collagen solubility  o r denaturation 

tem perature (Y unoki et al., 2003, W eadock et al., 1996). F urther to this, studies are 

often carried out on collagen  fibres o r film s (W eadock et al., 1995, W eadock et al., 

1996, W ang et al., 1994, Yunoki et al., 2003), w hich may not be com parable to  the 

crosslinking o f  a C G  co-polym er. S tudies that have exam ined the m echanical 

properties o f D H T -treated  collagen have lim ited their investigation to tensile 

properties due to the difficulties o f testing collagen fibres in com pression (W ang et 

al., 1994, W eadock et al., 1995). S tudies investigating  crosslinking treatm ents
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com m on ly  evaluate the in v i tro  cy to tox icity  o f  the m ethod used (Pieper et al., 1999, 

L ee et al., 2001). W hilst D H T  treatm ent d oes not introduce any potential cy to tox ic  

reagents into the scaffo ld  (Khor, 1997) and the viability  o f  ce lls  seeded  on CG  

scaffo ld s crosslinked  in this m anner has been dem onstrated exten sive ly  in the 

literature (Torres et a!., 200 0 , L ee et al., 2001 , U eda et al., 200 3 , O ’Brien et al., 2005 , 

Farrell et al., 200 6 ), the effec ts  o f  D H T treatment o f  cellu lar activity are exam ined  in 

chapter 5.

Through D H T  treatm ent, w e produced CG  scaffo ld s with m oduli ranging from 0 .5 -1  

kPa in com p ression  and 1 .9 -7 .6  kPa in tension (Figure 3 .4  & 3 .5 ). T hese results 

com pare w ell with previous studies (W eadock  et al., 1995, Charulatha and Rajaram, 

200 3 , Harley et al., 2007). A fter crosslink ing CG scaffo ld s at 105°C for 24  h, Harley  

e t  al. (2 0 0 7 ) reported a com p ressive  m odulus o f  0 .2  kPa and a tensile m odulus o f  2 .0  

kPa, w hich com pare w ell with our results o f  0 .5 kPa in com pression  and 1.9 kPa in 

tension . In the study by Harley e t  al. , the com p ressive m odulus was calculated from  a 

linear fit to the stress-strain curve over 0 -1 0 %  strain, w hile  w e lim ited evaluation to  

2-5 %  strain. The 0 -2 %  strain regim e en com p asses the less stiff ‘to e ’ region o f  the 

curve, exp lain ing the low er com p ressive  m odulus reported by Harley et al.

FT-IR an alysis supported the theory that D H T  treatment form s crosslinks through a 

condensation  reaction b etw een  carboxyl and am ino groups. During this reaction N H 2 

is converted  to N H  (Y annas and T ob olsk y , 1968), w hich  w as m onitored using FT-IR. 

R esu lts show  that the crosslink  density increased with the temperature o f  D H T  

treatment but w as not affected  by exp osu re period (Figure 3 .6 ). H ow ever, it m ay be 

p ossib le  that additional crosslin k s are form ed by extended  DH T treatment. For
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exam ple, it has a lso  been postu lated  that a lysino-alanine crosslink m ay also  be 

form ed during D H T  treatm ent (B ohak, 1964, G orham  et al., 1992). T his type o f 

crosslink w ould not be detected  using FT-IR  analysis.

R esults confirm  that the extended exposure to high tem peratures during DHT 

treatm ent alters the structure o f the collagen in CG scaffolds. FT -IR  analysis 

dem onstrated  that the level o f denaturation caused by DHT treatm ent increased with 

exposure period and tem perature (Figure 3.7). Scaffolds w ere 25%  denatured after 24 

h at 105°C, w hich com pares well w ith a previous report o f  27%  denaturation for a 

collagen film  after treatm ent at 110°C (Y unoki et al., 2003). D enaturation increased to 

60%  after D H T treatm ent at 180°C for 120 h. Extended treatm ent at 180°C also 

produced a decrease in tensile and com pressive m oduli, which m ay be indicative o f 

changes in scaffo ld  integrity caused by therm al degradation at this tem perature. The 

tem peratures used during D H T treatm ent break the hydrogen bonds that m aintain the 

triple helical structure o f collagen, altering  it to  a random  coiled structure (M iles et al., 

1995, W right and H um phrey, 2002). The denaturation  tem perature o f  collagen  has 

been show n to be related to  the level o f moi.sture content (Y annas and Tobolsky, 

1968, Y annas, 1972, Sung, 1972). Therefore, the introduction o f  a secondary drying 

step in the freezedrying process w ould reduce the m oisture content o f  the scaffolds 

and as a result les.sen the level o f  denaturation caused by D H T treatm ent. Previous 

w ork suggests that denatured collagen m atrices show better tissue regeneration than 

native collagen m atrices (K oide et al., 1993, T aubenberger et al., 2008). Therefore, 

increased denaturation coupled with im proved m echanical properties may enhance the 

perform ance o f  C G  scaffolds fo r use in tissue engineering. H ow ever, denatured 

collagen has also  been show n to degrade faster than native collagen (P ieper et al..
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1999). As degradation rate has been shown to be an important aspect of scaffold 

design (Yannas and Burke, 1980), further investigation is required to determine the 

effect of increased denaturation on cellular activity and scaffold degradation rate both 

in vitro and in vivo.

Previous studies on collagen films have reported a decrease in tensile modulus and 

UTS with increasing denaturation (Bigi et al., 1998, Bigi et al., 2004). While it was 

found that the UTS and strain to failure were both were negatively correlated with 

denaturation (Figure 3.9), the tensile modulus of CG scaffolds was positively 

correlated with denaturation (Figure 3.8 B). Therefore, DHT treatment, and possibly 

denaturation itself, causes the CG scaffold to become more brittle. However, the 

unwinding of the collagen triple helix caused by denaturation may allow the 

formation of additional crosslinks by bringing side chains into alignment. This would 

increase modulus while increasing brittleness. In contrast to tensile modulus, 

compressive modulus was only correlated with crosslink density. This suggests that 

structural changes that occur during DHT treatment, either through denaturation or the 

formation of crosslinks not detected using FT-IR, restrict fibre sliding but do not 

affect fibre buckling or bending stiffness.

Scaffolds fabricated using DHT treatment at 105°C for 24 hr and 150°C for 48 hr will 

be used in Chapter 5 to study the effects of crosslinking on cellular activity. 105°C for 

24 hr will be used as it is the standard crosslinking treatment used in a range of studies 

and therefore provides a basis for comparison (Torres et al., 2000, Lee et al., 2001, 

O'Brien et al., 2005, Farrell et al., 2006). DHT treatment at 150°C for 48 hr provides a 

combination of improved mechanical properties (2-fold) without excessive
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denaturation (40% ) and will accordingly  be used to  determ ine the effects o f  extended 

D H T treatm ent on cellu lar activity.

3.5 Conclusion

Previous w ork has show n that m echanical properties m ust be considered when 

designing a scaffold for a specific tissue engineering application (Torres et al., 2000, 

Y eung et al., 2005, Powell and B oyce, 2006, Engler et al., 2006). T his study 

dem onstrates that tensile and com pressive m oduli o f  C G  scaffolds can be significantly  

increased through D H T treatm ent. Both the tem perature and duration o f  D H T 

treatm ent were found to have a significant effect on scaffold m oduli and denaturation. 

R esults show a correlation betw een increases in tensile m odulus and the level o f 

denaturation. The enhanced m echanical properties o f D H T-treated CG scaffolds 

im proves their suitability  for use both in vitro  and in vivo. In addition, this work 

facilitates investigation into the effects o f m echanical properties and denaturation  on 

cellu lar activity in a 3D environm ent.
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Chapter 4. The effect o f chemical crosslinking on the 

mechanical properties of collagen-GAG scaffolds
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4.1 Introduction

C hem ical crosslinking has been used to enhance the stability o f collagen based 

biom aterials fo r several years (W eadock et al., 1983, Park et al., 2002, Pow ell and 

Boyce, 2006, O lde D am ink et al., 1996, Ruijgrok et al., 1994). l-ethy l-3-3-d im ethyl 

am inopropyl carbodiim ide (ED A C ) and glutaraldehyde (G TA ) are tw o o f  the m ost 

com m only  used chem ical crosslink ing  agents. T hese tw o chem icals work in d istinctly  

d ifferent fashions. ED A C form s “zero length” crosslinks w hereas G T A  crosslinks 

take the form  o f long polym er chains (Pow ell and Boyce, 2006, Khor, 1997). This 

m eans that ED A C  is lim ited to  crosslinking collagen m olecules with are d irectly  

adjacent to each o ther (I nm ) w hereas G TA  can crosslink m olecules that are separated 

by a distance (Zeem an et al., 1999). H ow ever, the incorporation o f G TA  into C G  

scaffolds for tissue engineering  leads to  som e d isadvantages, as G TA  has the potential 

to leach out o f  the scaffold as it degrades, with potentially  toxic repercussions fo r cells 

in the im m ediate area (W iebe et al., 1988, G endler et al., 1984). ED A C on the o ther 

hand, produces substituted urea as a by-product o f the crosslinking reaction. U rea is 

cytotoxic and needs to be w ashed out o f the scaffold prior to use (Pow ell and Boyce, 

2006).

Previous studies have concentrated  on optim izing the effectiveness o f  one reagent, a 

study directly  com paring  the effectiveness o f  several grades o f  the tw o treatm ents has 

yet to be carried  out (Pow ell and Boyce, 2006, K ikuchi et al., 2004, Lee et al., 2001, 

R uijgrok et al., 1994). A dditionally  m any studies have investigated crosslink ing  o f  

collagen fibres or film s w hich m ay not be directly  com parably  to the crosslink ing  o f  a 

collagen-G A G  scaffold (W eadock et al., 1983, O lde D am ink et al., 1996, B er et al..
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2005, Ruijgrok et al., 1994). Furthermore, as each treatment affects specific residues, 

there is the potential for combining the two crosslinicing methods (W eadock et a!., 

1983). Table 4.1 shows the specific amino acid residues that are affected by various 

crosslinking treatments. It can be seen that glutaraldehyde reacts solely with lysine 

residues whereas EDAC has the capacity to react with several different residues. In 

order to combine EDAC and GTA in the most effective manner, we must also take 

into account the strength of the bonds formed by each treatment. GTA affects a 

relatively small number of residues, yet GTA treated collagen has a comparable 

mechanical properties to ED AC-treated collagen (W eadock et al., 1983). This 

suggests that the crosslinks formed by GTA are stronger than other crosslinks. 

Therefore, to effectively use GTA in combination with EDAC (which affects many 

residues, including the same residue as GTA), Table 4.1 suggests that GTA 

crosslinking followed by EDAC crosslinking would yield the best results. Using 

EDAC first may consume many of the lysine residues that GTA needs to create 

stronger crosslinks.

R ea d ive  R e sid u es
P ro ced u re R eactive P e r /Noha C hain Sum of R eactive

R e sid u es
0(1 a 2

— R e sid u es

Short-v\ave
Tyrosine 4 3

U .V. Light P henyl 12 16 51
alanine
Lysine 32 21
/^g in ine 50 57

Dehydro- 
therm  al or

A spartic acid 45 47
745

Carbodiim ide G lu ta m ic a d d 77 71
Serine 34 24
Threonine 16 17

Gluter- Lysine 32 21 53
aldehvde

T able 4.1 T heoretical d istribution o f reactive am ino acid  residues for various crosslinking treatm ents 

(W eadock et a!., 1983).
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The overall goal of this study is to determine the effects of chemical crosslinking on 

the mechanical properties of CG scaffolds. Despite the widespread use of chemical 

treatments on collagen films, fibres and scaffolds, a detailed analysis has not been 

carried out to determine how the process variables affect CG scaffold properties. 

Therefore, the specific objectives of this study were to determine the effects of I) 

EDAC concentration, 2) GTA concentration and 3) the effects of combined EDAC 

and GTA crosslinking on the mechanical properties of CG scaffolds.

4.2 Materials and Methods

4.2.1 Scaffold Fabrication

Scaffolds were produced by freeze-drying a collagen-GAG slurry as described in 

chapter 2 (Sections 2.2.1 & 2.2.2.). Briefly, a slurry containing 0.5% (w/v) collagen 

and 0.044% (w/v) chondroitin-6-sulfate was prepared. This slurry was then freeze- 

dried using a Tf of -40 (Section 2.2.2, Figure 2.1). This process produces a highly 

porous sheet of CG scaffold, with an average pore size of 120 |jm  (Section 2.3.1, 

Table 2.1).

4.2.2 Crosslinking

Cylindrical samples (8 mm diameter, 4 mm height) were cut from the scaffolds prior 

to crosslinking. Samples were then prehydrated in phosphate buffered saline (PBS, 

Sigma-Aldrich, Germany) for 24 h prior to crosslinking. Five different concentrations 

o f EDAC (Sigma-Aldrich, Germany) were used: 0.6, 3, 6, 48 and 96 mmol EDAC per 

g collagen. These concentrations were based on the results of a study by Olde Damink 

et al. (1996), in which the optimum concentration was found to be 6 mmol. These 

concentrations were prepared in 2 ml distilled water and the samples were crosslinked
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in 24 well plates for 24 h. A molar ratio of 2.5 mol NHS/mol EDAC was used for all 

ED AC crosslinking (Olde Damink et al., 1996). GTA (Sigma-Aldrich, Germany) 

crosslinking was also carried out using five concentrations: 0.025, 0.05, 0.125, 0.25 

and 0.375 g GTA per g of collagen. These concentrations were based on the results of 

a study by Ruijgrok et al. (1994). GTA crosslinking solutions were prepared in PBS 

and the samples were crosslinked in 24 well plates for 24 h. In order to determine the 

effects of combined EDAC and GTA crosslinking, samples were crosslinked using 

0.125 g GTA followed by 96 mmol EDAC or 96 mmol EDAC followed by 0.125 g 

GTA.

4.2.3 Mechanical Testing

Compressive testing was used to determine the effect of DHT parameters on the 

mechanical properties of the scaffolds. Mechanical testing of scaffold samples was 

carried out using a mechanical testing machine (Z050, Zwick/Roell, Germany) fitted 

with a 5-N load cell. Samples were pre-hydrated in phosphate buffered saline (PBS) 

for one hour prior to testing and all testing was carried out in a bath of PBS. For 

unconfined compression testing with impermeable, un-lubricated platens, samples of 

8 mm diameter were cut from the scaffolds using a punch. Testing was conducted at a 

strain rate of 10%/min. The modulus was defined as the slope of a linear fit to the 

stress-strain curve over 2-5% strain.

4.2.4 Statistical Analysis

Results are expressed as mean + standard deviation. One-way analysis o f variance 

(ANOVA) followed by pairwise multiple comparison procedures (Tukey test) was
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used to evaluate the effects o f EDAC and GTA concentrations on the compressive 

modulus o f CG scaffolds. Statistical significance was declared at p<0.05.

4.3 Results

4.3.1 EDAC Crosslinking

As expected, analysis o f the mechanical properties fo llow ing EDAC treatment 

revealed that compressive modulus increased with increasing EDAC concentration 

(Figure 4.1, p<0.05). A  concentration o f 96 mmol EDAC per g collagen produced the 

stiffest scaffolds, w ith a compressive modulus o f 1.8 kPa. This was a 4-fold increase 

over the untreated scaffolds (p<0.05). However, it is worth noting that a concentration 

o f 6 mmol EDAC per g collagen produced a significant in modulus whilst using one 

16*'’ the amount o f EDAC, this can be seen clearly when compressive modulus is 

plotted against EDAC concentration using a linear scale (Figure 4.2).
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Figure 4.1 Compressive modulus vs. EI5AC concentration (n = 10 samples, * p<0.05 compared to all 

other groups, # p<0.05 compared to the untreated group).
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Figure 4.2 Compressive modulus vs. EDAC concentration. EDAC concentration is shown on a linear 

scale (n = 10 samples per group).

4.3.2 G TA Crosslinking

Analysis o f the mechanical properties fo llow ing GTA treatment revealed that 

compressive modulus increased with concentration up to 0.125 g G TA per g collagen 

(Figure 4.3). Further increases gave insignificant changes in modulus, with a 

reduction in modulus comparing 0.375 g G TA to 0.125 g G TA (p>0.05). GTA 

crosslinking using 0.125 g produced the stiffest scaffolds, w ith a compressive 

modulus o f 1.45 kPa. This was a 3-fold increase over the untreated scaffolds (p<0.05).
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Figure 4.3 Compressive modulus versus GTA concentration (n = 10 samples, * p<0.05 compared to 

0,05 g GTA group. # p<0.05 compared to the untreated group).

4.3.3 Combined Crosslinking

In order to establish the effects o f  com bining ED A C and G TA  crosslinking, the 

concentrations w hich yielded the stiffest scaffolds w ere chosen from  the two 

techniques, ED A C  96 m m ol and GTA 0.125 g. Scaffolds were crosslinked using 

ED A C  first fo llow ed by G TA  or G TA  first and then ED A C so as to determ ine if order 

had an effect on crosslinking. The results from  m echanical testing are com pared to the 

stiffest ED A C  and G T A  treatm ents in figure 4.4. N o significant differences were 

found betw een the crosslink ing  groups, suggesting that there was no benefit o f 

com bin ing  the tw o crosslink ing  treatm ents (p>0.05).
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Figure 4.4 Comparison o f the optimal treatments and the combined crosslinking treatments (n = 10 

samples per group).

4.4 Discussion

Chemical crosslinking has been used previously to provide stabilisation and improve 

the mechanical properties o f collagen film s, sheets and dermal layers (Weadock et al., 

1983, Ruijgrok et a!., 1994, Olde Damink et al., 1996). W ith  this in mind, we sought 

to determine the effects o f EDAC and G TA crosslinking on CG scaffolds. Our 

experiments have demonstrated that a wide range o f compressive moduli can be 

attained by varying the concentration o f the two chemical crosslinking agents (Figure 

4.1 &  4.3). The stiffest scaffolds were produced using 96 mmol o f EDAC and 0.125 g 

GTA per a gram o f collagen. We also sought to explore the possibility o f using EDAC 

and GTA in combination to achieve further increases in mechanical properties. 

Results show that the use o f EDAC and G TA in combination had no effect on 

mechanical properties when compared to the use o f the treatments on their own. 

Taken together, these results indicate that G TA  and EDAC crosslinking can be used 

effectively to produce CG scaffolds w ith a range o f mechanical properties.
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This study presents a com parison  o f the effects o f  ED A C  and G TA  crossiinking at 

range o f  d ifferent concentrations w hich can be directly  related to  the collagen content 

o f  the scaffolds. The m ajority  o f  the w ork previously published has neglected  to give 

the m olar ratios o f  the crossiink ing  agents to the w eight o f  collagen treated (Lee et al., 

2001, Pow ell and B oyce, 2006, Jorge-H errero  et al., 1999, Torres et al., 2000). This 

prevents the results from  being used in an effective m anner, as the exact crossiinking 

conditions can not be reproduced. M any studies use tensile testing to determ ine the 

effects o f  crossiinking on the m echanical properties o f collagen (Torres et al., 2000, 

W eadock et al., 1983). H ow ever, previous work has show n that the com pressive 

properties are o f greatest in terest w hen studying the effects o f substrate properties on 

cellu lar activity  such as cell-m ediated  contraction and differentiation (H arley et al., 

2007, E ngler et al., 2006). T aking  into account these studies and the m aterial dem ands 

o f  tensile testing, it w as decided  that com pressive testing w ould provide sufficient 

data for m echanical characterisation  o f the crosslinked scaffolds. A dditionally , the 

potential cyto toxicity  o f  chem ically  treated scaffolds is o f interest; this topic is 

addressed in C hap ter 5.

H arley e t al. (2007) also  exam ined  the effectiveness o f  ED A C crossiinking o f  C G  

scaffolds and reported a com pressive m odulus o f 1.497 kPa w hen treating scaffolds 

with 6 m m ol ED A C  per gram  o f collagen. This com pares well with our result of 1.442 

kPa w ith scaffo lds crosslinked  at the sam e m olar ratio. O lde D am ink et al. (1996) 

reported that the optim al increase in shrinkage tem perature and crosslinks form ed was 

achieved using m olar ratio o f  ED A C  to collagen w as 6 m m ol, our results show the 

highest Y oung’s m odulus at 96 m m ol. H ow ever, the d ifferences can be explained by
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the fact that we tested a collagen glycosaminoglycan composite scaffold whereas they 

tested collagen fibres. Additionally, Pieper et al. (1999) have shown that EDAC forms 

crosslinks between chondroitin sulphate (GAG) and collagen, therefore increasing the 

amount of possible crosslinks that can be formed. Furthermore, 6 mmol of EDAC per 

g of collagen was the largest molar ratio used in the study by Olde Damink.

Surprisingly, the results show that there is no benefit of combining GTA and EDAC 

crosslinking. Figure 4.1 shows the particular amino acids that each crosslinking 

treatment reacts with. Specifically, GTA forms crosslinks by bonding the amine 

groups found upon lysine residues. W hereas, EDAC crosslinks form bonds between 

an amine group, again from lysine, and a carboxylic group, which can be found in 

several amino acids. The mechanisms for the crosslinking reactions are shown in 

figure 4.5. It was thought that EDAC crosslinking would be unable to react with all 

the available amine groups as it can only form short “zero length” crosslinks. GTA 

would therefore be able to react with the remaining amine groups as it constructs 

crosslinks in the form of long polymer chains. A possible explanation for this may be 

that the positioning of the un-reacted amine groups after EDAC crosslinking is 

unfavourable for additional GTA crosslinking or that the number of GTA crosslinks 

formed in such circumstances has negligible effects on the mechanical properties of 

the scaffolds. Likewise, when GTA crosslinking is carried out first, the positioning of 

un-reacted amine groups or the small number of additional crosslinks formed makes 

secondary EDAC crosslinking ineffective. Additionally, when GTA is used as the 

primary crosslinking treatment there is the possibility that it may form incomplete 

crosslinks, therefore using up all the available amine groups. EDAC does not create
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this problem  as it catalyses a reaction betw een a carboxylic group and an am ine group 

only when both groups are present.
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Figure 4.5 (A) GTA and (B) EDAC crosslink formation (Adapted from Lee el ciL, 2001).

The m ost favourable m echanical properties were attained using 96 mmol o f  ED A C  

and 0.125 g G TA  per a gram  o f collagen. C rosslinking using these treatm ents resulted 

in a 3 to 4-fold increase in com pressive m odulus. In addition, it is w oith noting that 6 

m m ol ED A C crosslinking im parted  m echanical properties com parable to the ED A C  

96 m m ol group w hilst m aking efficient use o f the crosslinking reagent (80%  m odulus 

using 6% the am ount o f  E D A C ), this may be o f im portance w hen the cy to toxicity  o f

90



the treatment is evaluated. The results from this study and Chapter 3 w ill be used in 

the cellular experiments described in Chapter 5 (Figure 4.6).
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Figure 4.6 Compressive modulus o f scaffolds crosslinked using various chemical a.nd physical 

treatments (n = 10 samples per group).

4.5 Conclusion

The results o f this study show that EDAC and G TA crosslinking can be used to 

produce substantial increases in the mechanical properties o f CG scaffolds. The 

optimal properties were attained using 96 mmol o f EDAC and 0.125 g G TA per a 

gram o f collagen. Using these techniques a 4-fold increase in the compressive 

properties o f CG scaffolds was attained (p<0.05). Results show that the mechanisms 

o f EDAC and G TA crosslinking prevent their use in combination.
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Chapter 5. The effect o f crosslinking on the activity of  

osteoblasts within collagen-GAG scaffolds
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5.1 Introduction

C rosslinking is a teciinique that can be used to enhance the m echanical p roperties o f  

collagen-based  biom ateria ls (W eadock et al., 1983, Khor, 1997, Lee et al., 2001). In 

the previous tw o chapters we evaluated the effects o f  several crosslinking techniques 

on the m echanical properties o f collagen-G A G  (CG ) scaffolds (Figure 5.1). W hile the 

effects o f  crosslink ing  on the m echanical properties o f CG scaffolds are im portant, it 

is also o f  interest to determ ine the effects o f crosslinking, and the subsequent changes 

in m echanical properties, on cellu lar activity w ithin the scaffolds.

Prim arily, the im provem ents required in the m echanical properties o f CG scaffolds, 

via crosslinking, are needed in order to facilitate in vitro  use and im plantation. 

A dditionally , significant cell-m ediated  contraction o f collagen-based scaffolds during 

culture has been reported  (N ehrer et al., 1997a, Lee et al., 2000). C ontraction causes a 

reduction in the pore size and perm eability of the scaffolds, which subsequently  

reduces the diffusion o f nu trien ts and waste products. The degree o f contraction also 

creates problem s when design ing  a tis.sue graft to repair a particular size defect. The 

use o f  crosslinking to im prove the m echanical properties o f  C G  scaffolds would 

significantly  reduce contraction  and the problem s associated  w ith it. In addition , 

previous work has show n that the m echanical properties o f  .scaffolds can influence 

cellu lar d ifferentiation , adhesion and proliferation (E ngler et al., 2004a, E ngler et al., 

2004b, E ngler et al., 2006, Y eung et al., 2005). T herefore, the use o f  crosslinking to 

a lter the m echanical properties o f CG scaffolds may offer fu rther insight into the 

m echanism s o f these effects.
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The nature o f  chem ical crosslinking involves the use o f reagents w hich have the 

potential to cause cell death if  they rem ain w ithin the scaffold. It is therefore 

necessary  to carry  out experim ents to determ ine if  these chem icals have any cytotoxic 

side effects. ED A C  crosslinking does not attach any harm ful m olecules to the 

scaffold, but it does need to be thoroughly  w ashed out o f  the scaffolds p rior to use as 

the chem ical itse lf is toxic, as is urea, w hich is the by-product o f the crosslinking 

reaction. The potential cyto toxicity  o f  G T A  has been discussed previously  in C hapter 

4, although there is som e debate as to  w hether it is cytotoxic on a clin ically  relevant 

level (Lee et al., 2001, K ikuchi et al., 2004, C hen et al., 2007).

In order to determ ine the effects o f crosslinking on ce llu lar activ ity , the most 

m echanically  prom ising and efficient groups w ere chosen from  the previous studies 

(C hapter 3 & 4) o f crosslinking techniques (Figure 5.1). D H T treatm ent at 105°C for 

24h w as chosen as it is the standard crosslinking treatm ent used in m any studies 

(Y annas et al., 1980, O ’Brien et al., 2005, T ierney et al., 2008). D H T treatm ent at 

150°C for 48h was chosen as the optim al D H T treatm ent, as it gave a good balance 

betw een im proved m echanical properties and low denaturation. ED A C 96 m m ol/g 

collagen and G T A  0.125 g/g collagen w ere chosen as the optim al treatm ents from  the 

previous studies. ED A C 6 m m ol/g collagen was also used as it com bined  good 

m echanical properties w ith efficien t use o f  the crosslinking reagent. F inally  ED A C 96 

m m ol/g collagen and G TA  0.125 g/g collagen w ere used in com bination. The M C3T3 

osteoblastic  cell line was used as it is used currently  in our lab, thus allow ing 

com parison to previous studies (M enard et al., 2000, O 'Brien et al., 2005, T ierney et 

al., 2008). The specific goals o f  this study w ere to investigate the effects of 

crosslinking techniques and thus scaffold stiffness, on 1) the m etabolic activity , 2)
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seeding efficiency, 3) proliferation and 4) spatial distribution o f MC3T3 osteoblasts 

seeded onto collagen-GAG scaffolds.
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Figure 5.1 Compressive modulus o f scaffolds crosslinked using various chemical and physical 

treatments.

5.2 M aterials and M ethods

5.2.1 Scaffold Fabrication

Scaffolds were produced by freeze-drying a collagen-GAG slurry as described in 

chapter 2 (Sections 2.2.1 &  2.2.2.). B rie fly, a slurry containing 0.5% (w /v) collagen 

and 0.044% (w/v) chondroitin-6-sulfate was prepared. This slurry was then freeze- 

dried using a Tf o f -40 (Section 2.2.2, Figure 2.1). This proce.ss produces a highly 

porous sheet o f CG scaffold, w ith an average pore size o f 120 |jm  (Section 2.3.1, 

Table 2.1).

5.2.2 Crosslinking

Cylindrical samples (12.7 mm diameter, 4 mm height) were cut from the scaffolds 

prior to crosslinking. DHT treatment was carried by placing the samples in an 

aluminium fo il packet inside a vacuum oven (Vacucell 22, M M M , Germany) under a
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vacuum  o f  0.05 bar. To determine the effect o f  D H T parameters on osteoblast 

activity, exposure period and crosslinking tem perature  were varied. Tw o settings were 

used 1) exposure at 105°C for a period o f  24 h and 2) exposure at 150°C for a period 

o f  48 h. ED A C (Sigma-Aldrich, Germ any) crosslinking was carried out using two 

concentrations, 6 and 96 mmol o f  ED A C  per gram o f  collagen. G TA  (Sigma-Aldrich, 

G erm any) crosslinking was carried out at a concentration o f  0.125 g G TA  per gram of 

collagen. Additionally, a group o f  scaffolds were crosslinked using 0.125 g G TA  

followed by 96 mmol of  ED A C. All chemical crosslinking was carried out over 24 h, 

after which the scaffolds were washed twice using sterile PBS (Sigma-Aldrich, 

Germany).

5.2.3 Cell Culture & Seeding

M C3T3-EI osteoblasts (ATCC, Manassas, VA) were cultured in T I7 5  culture flasks 

(Sarstedt, Nuembrecht, Germ any) using alpha m inim um  essential media (Sigma- 

Aldrich, Germany) supplemented with 10% fetal bovine serum (BioSera, East Sussex, 

UK), ] % L-glutamine (Sigma-Aldrich, G erm any) and 2 % penicillin/streptomycin 

(Sigma-Aldrich, Germany). Prior to seeding, cells (Passage 26) were detached using 

trypsin-ethylenediaminetetraacetic acid (Sigma-Aldrich, G erm any) and suspended in 

supplemented medium at 10^ cells/mL. Crosslinked scaffolds were placed into 6-well 

tissue culture plates (Sarstedt, Nuembrecht, Germany). The top surface o f  each of the 

scaffolds was then seeded with 100 |jL  o f  the cell suspension (1 x 10^ cells). The 6- 

well plates were then placed in an incubator for 15 min to allow initial cellular 

attachment. The scaffolds were then turned over and the opposite surface was seeded 

with 100 )aL o f  the cell suspension and incubated for a further 15 min. After the 

second incubation period, 5 ml o f  supplemented medium  was added to each well and
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the plates w ere returned to  the incubator. Both culture flasks and seeded scaffolds 

w ere cultured  under standard conditions (37°C , 5% C 0 2 ).

5.2.4 AlamarBlue '̂'^  ̂Analysis

R eduction o f  A lam arB lue™  (B ioSource, B elgium ) w as used as a m easure of 

m etabolic activity  (O 'B rien et a)., 2000). A fter 1, 2 and 7 days o f  incubation, seeded 

scaffolds w ere transferred  to 6-w ell plates contain ing 10% A lam arB lue™  in 

supplem ented m edia. The plates were placed on an orbital shaker (B iosan, Riga, 

Latvia) and incubated for a further 2 hours. 100 |al o f the supernatant was then plated, 

in triplicate, into a 96-w ell plate and absorbance o f the sam ples w ere read on a 

spectrom eter (T itertrek M ultiscan, M SC, Ireland) at 540 nm and 620 nm. Percentage 

reduction o f the A lam arB lue™  solution was then determ ined using a standard curve.

5.2.5 Hoechst DNA Assay

Cell num ber was evaluated  using H oechst 33258 assay, w hich fluorescently  labels 

double-stranded D N A  (S igm a-A ldrich , G erm any), according to a previously 

published protocol (K im  et al., 1988). A fter I, 2 and 7 days o f  incubation, seeded 

scaffolds w ere flash frozen in liquid nitrogen and stored at -80°C. Sam ples w ere then 

thaw ed and digested  in Papain  (S igm a-A ldrich , G erm any) fo r 1.5 hours at 60°C. 

H oechst dye solution was then added to the digested sam ples and 210 |j 1 w as then 

plated, in trip licate, into a 96-w ell plate. F luorescence w as then m easured (excitation: 

355 nm , em ission: 460  nm ) using a fluorescence spectrophotom eter (W allac V ictor2, 

Perk inE lm er Life Sciences). R eadings w ere converted  to cell num ber using a standard 

curve, with unseeded scaffolds used as blanks.
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5.2.6 Histology

H istological analysis was used to evaluate the spatial d istribution o f cells w ithin the 

scaffolds. A fter 1 and 7 days o f  incubation, scaffold sam ples w ere p laced into a 

solution o f  10% form alin fo r 30 m inutes and then em bedded in paraffin  w ax using an 

autom atic tissue processor (A SP300, Leica, G erm any). All sam ples w ere sectioned 

longitudinally  at a th ickness o f  10 |am throughout the depth o f the sam ple using a 

rotary m icrotom e (Leica m icrotom e, Leica). Sections w ere m ounted on slides and 

placed in an oven at 70°C overnight to rem ove wax from  the sam ple and adhere the 

sections to the slides. The slides w ere then stained using haem atoxylin  and eosin 

(H & E) to evaluate spatial d istribution  of cells w ithin each o f the scaffolds. Digital 

im ages were recorded using a m icroscope at 125x m agnification (O ptim phot2 , N ikon, 

Japan).

5.2.7 Statistical Analysis

R esults are expressed as m ean ± standard deviation. T w o-w ay analysis o f  variance 

(A N O V A ) follow ed by pairw ise m ultiple com parison procedures (Tukey test) was 

used to evaluate the effects o f crosslinking on m etabolic activity and cell num ber. 

Statistical significance was declared  at p<0.05.

5.3 R esults

5.3.1 Metabolic Activity

The m etabolic activity w ithin the scaffolds w as found to be significantly  higher upon 

the G TA  crosslinked scaffolds w hen com pared  to o ther crosslinking groups (Figure 

5.2, p<0.001). GTA crosslinked scaffolds show ed a 70%  increase in m etabolic
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activity wiien compared to the standard DHT 105°C crosslinked scaffolds (p<0.001). 

Comparing 1 and 7 day time points, metabolic activity was found to increase over 

incubation period in the GTA and GTA+EDAC crosslinking groups (p<0.05).

50.00%

DHT DHT ED A C 6 EDAC 96 GTA GTA + 
105°C ISO'C mmol mmol 0.125 mg EDAC

Crosslinking treatment

■  1 day ■  2 day ■  7 day

Figure 5.2 Metabolic activity of MC3T3 osteoblasts within the scaffolds at 1, 2 and 7 days as 

measured using the AlamarBlue"^ assay (n=4 per group, * p<O.OOI compared to all other groups, # 

p<0.05 compared to 1 day time point in the same group).

5.3.2 Cell Number

The number o f cells within the .scaffolds was found to vary with the method o f 

crosslinking used (Figure 5.3). EDAC 6 mmol, GTA and GTA+EDAC groups 

showed a significant increase in cell number over the standard, DHT I05°C treated 

scaffolds (p<0.05). In particular, GTA crosslinked scaffolds had a significantly higher 

cell number when compared to all other treatment groups, showing a 5-fold increa.se 

in cell number when compared to the standard DHT I05°C crosslinked scaffolds

(p<0.001).
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DHT DHT EDAC6 EDAC 96 GTA GTA + 
105°C 150®C mmol mmol 0.125 mg EDAC

Crosslinking treatment

B 1 day ■  2 day ■  7 day

Figure 5.3 MC3T3 cell number within the scaffold at I, 2 and 7 days measured using Hoechst DNA 

assay (n=4 per group, * p<0.05 compared to DHT I05°C group).

The effect o f cro.sslinking on seeding efficiency was measured by expressing the 

number o f cells attached after 1 day as a percentage o f the number o f ceils in itia lly  

seeded (2x10^ cells. Figure 5.4). The G TA and G TA+EDAC groups had the highest 

seeding efficiency, with 70% o f seeded cells attached after 1 day. This represents a 

4.5-fold increase over the standard crosslinking treatment (p<0.001).
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Figure 5.4 An assessment of seeding efficiency on the various scaffold types, by comparison of the 

number of cell seeded against the number attached after I day of incubation {n=4 per group, * p<0.05).

Cellular proliferation upon the scaffolds was measured using the difference between 

the cell number at 1 and 7 days (Figure 5.5). Significant levels o f proliferation were 

found in the EDAC 6 mmol and G TA  crosslinking groups (p<0.05). In particular, a 2- 

fo ld increase in cell number was found in the G TA crosslinked group (p<0.001). 

Insignificant reductions in cell number were found in the EDAC 96 mmol and 

CiTA+EDAC crosslinking groups.
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F ig u r e  5 .5  Proliferation o f  M C 3T 3 osteob lasts upon the various scaffo ld  types, by com parison  o f  the 

ce ll num ber at 1 day against the cell number after 7 days o f  incubation (n = 4  per group, * p < 0 .0 5 ).

5.3.3 Cell Distribution

Histology was used to determine the effect o f  crosslinking on the spatial distribution 

o f  cells within the collagen-GAG scaffolds at 1 and 7 days (Figure 5.6-5.11). All 

treatment groups show cellular attachment at the edge o f  the scaffolds at 1 and 7 days 

(Figure 5.6-5.1 1, A & C). There was no evidence of  cellular infiltration into the centre 

of  the scaffolds after 7 days in the DHT, ED A C  96 mmol and GTA-t-EDAC groups 

(Figure 5.6 D, 5.7 D, 5.9 D and 5.11 D). However, ED A C  6 mmol and GTA 

crosslinking groups show notable levels of  cellular infiltration at the centre o f  the 

scaffolds a f te r ?  days of  culture (Figure 5.9 D & 5.10 D).

103



DHT 105°C

> ^  'T-X̂  V- , V \ i.*..

~ 'v^ .
i  > ^ .T

Ky/4\,')nm
4 ! / 'v ? ^ '2 ;?■///: n v . l

‘ Cfentre.

> : - s v v ^ C ; > *. •' :

" r \ /J. . V .
4 -V', ^

-<V ' I  - -. 7.
.1"<i •> - A

' \  . 200 |im  '
'  ' ’' t f T ' ':>  V  • . ■ . ■-•

Figure 5.6 Spatial distribution of MC3T3 osteoblasts at the edge and centre of DHT crosslinked 

scaffolds (105°C, 24 h) after 1 (A&B) and 7 days (C&D). At 1 day cells can be seen attached to the 

periphery of the scaffolds (A), with no cells present at the centre (B). At 7 days cells can be found at 

the periphery of the scaffolds (C), but not at the centre (D).
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D H T 150°C

Centre'

Figure 5.7 Spatial d istribution o f  M C3T3 osteoblasts at the edge and centre o f  DH T crosslinked 

scaffolds (I5 0 °C , 48 h) after I (A & B ) and 7 days (C& D ). At I day cells can be seen attached to the 

periphery of the scaffo lds (A) with no cells present in the centre (B). At 7 days cells can be found at the 

periphery of the scaffo lds (C) but not at the centre (D).
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Figure 5.8 Spatial distribution of MC3T3 osteoblasts at the edge and centre of EDAC crosslinked 

scaffolds (6 mmol) after I (A&B) and 7 days (C&D). At 1 day cells can be seen attached to the 

periphery of the scaffolds (A), with no cells present at the centre (B). At 7 days cells can be found 

evenly distributed at edge of the scaffolds (C), with some cells reaching the centre (D).
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Figure 5.9 Spatial distribution of MC3T3 osteoblasts at the edge and centre of EDAC crosslinked 

scaffolds (96 mmol) after 1 (A&B) and 7 days (C&D). At I day cells can be seen attached to the 

periphery of the scaffolds (A), with no cells present in the centre (B). At 7 days cells can be found at 

the periphery of the scaffolds (C), but not at the centre (D).
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Figure 5.10 vSpatial distribution of MC3T3 osteoblasts at the edge and centre of GTA crosslinked 

scaffolds (0.125 mg) after 1 (A&B) and 7 days (C&D). At 1 day cells can be seen attached to the 

periphery of the scaffolds (A), with no cells present at the centre (B). At 7 days cells can be found 

evenly distributed throughout the entirety of the scaffold, with numerous cells at both the edge (C) and 

centre (D).
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Figure 5.11 Spatial d istribution o f M C3T3 osteoblasts at the edge and centre o f G TA+HD AC 

crosslinked scaffolds (96 mmol ED A C  and 0.125 mg G T A ) after I (A& B) and 7 days (C& D ). At 1 day 

cells can be seen attached to the periphery o f the .scaffolds (A), with no cells present in the centre (B). 

At 7 days cells can be found at the periphery of the scaffo lds (C), but not at the centre (D).
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5.4 Discussion

Crosslinking, and the resultant changes in mechanical properties, have previously 

been shown to influence cellular activity. With this in mind, the aim o f  this study was 

to determine the effects o f  crosslinking on osteoblast activity within C G  scaffolds. 

Scaffolds were crosslinked using six different treatments (D H T I05°C, D H T  I50°C, 

ED A C  6 mmol, E D A C  96 mmol, G T A  and G T A  + EDAC), seeded with cells and 

incubated for I, 2 and 7 days in order to evaluate the effects o f  crosslinking on 

metabolic activity, cell num ber and cellular distribution. The G T A  crosslinked 

scaffolds showed increased metabolic activity, cell num ber and cellular distribution 

when com pared to  the other crosslinking treatments. The ED A C  6 mmol treated group 

also showed increased cell num ber and infiltration. However, we found that 

increasing the E D A C  concentration to 96 mmol showed some evidence of 

cytotoxicity. Increasing the degree o f  D H T treatment (from I05°C to I50°C) was 

found to have no significant effects on cellular activity. Taken together, these results 

indicate that the enhanced  cellular activity upon G TA  and ED A C  treated scaffolds 

demonstrates their suitability for use both in vitro  and in vivo.

This study presents  a direct comparison o f  the effects o f  several crosslinking 

treatments on cellular activity within C G  scaffolds. M any studies present limited 

information with regard to the crosslinking procedure used (Lee et al., 2001, Powell 

and Boyce, 2006). For exam ple percentage crosslinking solutions are provided 

without the volum e o f  the solution used to treat the samples. This is insufficient 

information for calculation o f  the molar ratio of  the crosslinking agent to collagen, 

limiting the constructive use of  the data, particularly when the relationship between
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cytotoxicity  and the concentration o f a crosslinking agent is o f interest. Several 

stud ies exam ine the effect o f crossiink ing  on cell m ediated contraction  (Lee et al., 

2001, Pow ell and Boyce, 2006). A lthough we m ake observations on contraction , no 

m easurem ents were taken. H ow ever, m easurem ent o f  contraction was not believed to 

be useful due to the short term  nature o f  the cell culture (up to  7 days) used in this 

study and the lim ited contraction observed w ithin the m ajority  o f  the groups.

W e report a 15% seeding efficiency at 24 hr upon the standard scaffolds com pared  to 

40%  reported by O ’Brien e t al. (2005). H ow ever, the scaffolds in the O ’Brien study 

w ere seeded dry, w hich w ould aid infiltration as the cell suspension w ould not have to 

displace any fluid already w ithin the scaffolds. The D H T treated scaffolds in this 

study w ere seeded in a hydrated  state in order to enable a d irect com parison to 

chem ical treatm ents w hich required the scaffolds to be hydrated at the seeding stage. 

T h is lim itation could have been overcom e through freeze-drying the chem ically  

crosslinked  scaffolds, though it is likely that this w ould have caused som e dam age to 

the structure o f  the scaffolds. In particular, GTA crosslinked  scaffolds show ed 

significantly  enhanced seeding efficiency w hen com pared the standard D H T group 

(70%  com pared to 15%, F igure 5.4). ED A C crosslinked scaffolds also  show ed 

increased seeding efficiency, how ever the d ifference w as not statistically  significant 

w hen com pared to DHT groups (40%  com pared  to 15%). The increased m echanical 

p roperties o f GTA and ED A C crosslinked  scaffolds allow s them  to retain their porous 

structure upon hydration w hile D H T treated sam ples contract upon hydration reducing 

the surface area available for seeding. H ow ever, G TA  and ED A C crosslinked 

scaffolds have com parable m echanical properties, yet G TA  crosslinked scaffolds
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show  superior seeding efficiency. This suggests that the presence o f G TA  crossiinlcs 

in som e way affects seeding and cellu lar attachm ent.

G TA  0.125 g and ED AC 6 m m ol treatm ent groups show  enhanced proliferation and 

infiltration (Figure 5.5-5.1 1). In particu lar G TA  crosslinked  scaffolds show ed a 6.4- 

fold increase in cell num ber at 7 days when com pared  to the standard D H T I05°C  

group. T his com pares well w ith previous work w hich has show n no proliferation upon 

the standard scaffolds after 7 days (T ierney et al., 2008). A dditionally , the 

proliferation data correlates well with infiltration as the G TA  0.125 g and ED A C  6 

m m ol groups are the only groups to show  infiltration into the centre o f the .scaffolds 

after seven days. Previous w ork has postu lated  that cell m ediated contraction may 

reduce proliferation o f chondrocytes (Lee et al., 2001). The only groups observed to 

show  any cell m ediated contraction w ere the groups treated using D H T treatm ent. 

T herefore  the lack o f proliferation in these groups may be caused by contraction  o f 

the scaffo ld  structure, w hich am ong other things causes a collapse o f the scaffold pore 

structure  reducing the d iffusion o f  nutrients and w aste products w ithin the scaffold. 

A s the ED A C and G TA  treated groups did not contract, the porous structure was 

retained  allow ing proliferation and infiltration w ithin these groups. The GTA 0 .125g 

group show ed enhanced proliferation com pared to  ED A C 6 m m ol, w hich may be a 

result o f  higher cell num ber at day 1 due to superior seeding efficiency.

The ED A C  96 m m ol and GTA-i-EDAC groups did not perform  as well as the o ther 

chem ical crosslinking groups, show ing a reduction in cell num ber after 7 days. This 

m ay be evidence o f  the cytotoxic effects o f  ED A C at high concentrations. A lthough 

E D A C  is not incorporated into the scaffold w hen it form s crosslinks the byproduct o f
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this reaction is urea which is cytotoxic if left within the scaffolds. Previous work has 

found a reduction cellular activity when high concentrations of EDAC are used to 

crosslink collagen scaffolds (Powell and Boyce, 2006). Powell and Boyce postulated 

that it becomes more difficult to wash out the resultant urea and unused EDAC when 

high concentrations of EDAC are used. We found no evidence of cytotoxicity caused 

by GTA crosslinking. GTA is integrated into the crosslinks that are formed and un

reacted GTA may also remain within the scaffold after crosslinking. Previous studies 

have found some evidence of cytotoxicity, causing reduced proliferation, with cells 

cultured on GTA crosslinked CG scaffolds (Lee et al., 2001). Contrary to this we 

found an increase in cellular activity with GTA crosslinked scaffolds. However there 

is still the potential for damage to the cells to occur as GTA is released as the scaffold 

degrades, although some in vivo studies show no evidence of adverse effects (Kikuchi 

et al., 2004).

In the context of bone tissue engineering it is also important to note that there are 

differing reports in the literature on the relationship between GTA crosslinking and 

mineralisation. In some studies GTA crosslinking has been shown in some studies to 

induce calcification in vivo (Jorge-Herrero et al., 1999, Kim et al., 1999). However 

there are reports that GTA may also compromise mineralisation in CG scaffolds 

(Chen et al., 2007). Long term cell culture experiments in osteogenic media are 

needed to clarify these findings.

5.5 Conclusion

When considering a crosslinking method for scaffolds used in a particular tissue 

engineering application, the effects of the various treatments on cellular activity is just
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as important as the effect on mechanical properties. GTA and EDAC crosslinlced 

scaffolds exhibit enhanced cell number, proliferation and cellular infiltration when 

com pared to the standard DHT treatment. However, increased levels of EDAC 

crosslinking show some evidence of cytotoxicity, which may be due to the increased 

difficulty of removing reaction by-products. GTA crosslinked scaffolds show the 

greatest potential for tissue engineering, having the ability to support 6.4 times as 

many cells as the standard scaffolds. The enhanced cellular activity upon GTA and 

EDAC treated scaffolds, coupled with improved mechanical properties, increases their 

suitability for use both in vitro and in vivo.
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6.1 Collagen-Glycosaminoglycan Scaffolds and Tissue Engineering

Collagen-based scaffolds have found success in several clinical applications of tissue 

engineering (Yannas et al., 1989, Chamberlain et al., 1998, Atala et al., 2006). The 

success of these scaffolds can in part be attributed to their compositional similarity 

with the extra cellular matrix found in many tissues. However, it has been shown that 

the characteristics of these .scaffolds must be tuned to their specific application if they 

are to be succes.sful (Lee et al., 2001, Yannas, 2001, O'Brien et al., 2005, Byrne et al., 

2008). This thesis describes a project which sought to develop a series of novel 

scaffolds with a range of structural and mechanical properties and to determine the 

effects of these properties on cellular behaviour.

The structural and mechanical characteristics are of particular importance as they have 

been shown to strongly influence cellular differentiation, attachment, gene expression, 

matrix deposition and iu vitro degradation rate (Lee et al., 2001, Yannas, 2001, Engler 

et al., 2006, O'Brien et al., 2005, Byrne et al., 2(X)8). Several studies have been 

published describing various methods for altering the properties of collagen .scaffolds. 

However, the work presented in this study contains significant improvements of the 

methods used. For example, freeze-drying is often used to control the pore 

architecture of collagen scaffolds and several studies have investigated the effect of 

the freezing temperature on the mean pore size of the scaffolds produced (Park et al., 

2002, Zmora et al., 2002, Chen et al., 2007, Faraj et al., 2007). However, these studies 

fail to control the rate of freezing and use crude methods such as immersion in oil 

baths or liquid nitrogen. In comparison, this study uses a temperature-controlled shelf 

to determine the effect of freezing temperature on pore size. It is proposed that the
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series o f characterised scaffold variants produced in this study can be adapted for 

specific tissue engineering applications or used to further our knowledge o f  the effects 

o f  the structural and mechanical properties o f  scaffolds on the cellular activity and 

tissue formation within them. The methods used to control the properties o f  CG 

scaffolds and their effects on cellular activity are described in the follow ing sections.

6.2 Pore Architecture

The work described in Chapter 2 has led to the developm ent o f two distinct 

techniques which allow the pore structure o f  CG scaffolds to be modified in a 

controlled fashion. The first technique investigated the effect o f  altering the freezing 

temperature (Tf) used in the freeze-drying cycle. Additionally the introduction o f an 

annealing step was also investigated; annealing is defined as a holding step at 

increased temperature prior to drying. This technique was based on the hypothesis that 

increasing the temperature o f  the frozen suspension would reduce the vi.scosity and 

hence increase the rate o f  ice crystal growth. Using these techniques, we produced 

several scaffolds with individual mean pore sizes that could be varied within the range 

o f 85-325 |jm. This is a significant improvement compared to our previous ability to 

control pore size (96-150 pm, O ’Brien et al., 2005).

In order to determine the effect o f  Tf on pore size, scaffolds were produced with Tf 

ranging from -10 to -70°C. It was found that pore size reduced with Tf until -50°C, 

after which reductions in Tf failed to produce a significant change in pore size. Using 

this data and differential thermal analysis (D T A ) w e determined that the glass 

transition temperature o f  the CG suspension upon freezing is located between -42 and 

-50°C. To our knowledge, the glass transition temperature o f  a collagen suspension
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has yet to be described in the literature. W hen the glass transition tem perature is 

reached, a large increase in the viscosity o f  the suspension is observed, im peding any 

fu rther changes in ice crystal structure, consequently  explain ing why pore size is not 

affected  by Tf below  -50°C. In order to determ ine the effect o f  annealing on pore size, 

the duration o f  the annealing  step was varied. W e found that annealing had a 

significant effect on pore size up to 18 h annealing tim e, which resulted in a 40%  

increase in pore size.

Previous studies have show n that pore size has a significant effect on cellu lar 

attachm ent, activ ity , gene expression and vascularisation (W ake et al., 1994, N ehrer et 

al., 1997b, T suruga et al., 1997, Z eltinger et al., 2001, O 'B rien et al., 2005, Byrne et 

al., 2008). The optim al pore size has been show n to be dependant on both cell type 

and scaffold m aterial. For a particu lar scaffold to be suitable for a w ide range o f 

applications, it is therefore necessary to be able to control the pore sizes over a w ide 

range. In addition to allow ing  the elucidation  o f  the optim al pore size for specific 

application, the ability  to a lte r pore size also allow s the influence o f  ECM  pore size on 

ce llu la r activity  to  be determ ined. The w ork contained in C hapter 2 has been u.sed by 

ano ther researcher in our lab, C iara M urphy, to investigate the effect o f  pore size on 

the cell num ber w ithin C G  scaffolds 2 days post seeding (Figure 6.1).
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Figure 6.1 The effect o f pore size on cell number, 2 days post seeding. MC3T3 osteoblasts were 

seeded onto CG scaffolds to determine the effect o f pore size on cellular attachment and proliferation 

(n = 6, Murphy et al., 2008).

This fo llows on from previous work by O ’ Brien et a l (2005), which determined the 

effect o f pore size in the range o f 95-150 |jm  on the attachment o f osteoblasts w ithin 

CG scaffolds. They determined that w ithin this range cellular attachment increased 

w ith reducing pore size. However, when this work was repeated over a larger range o f 

pore sizes it was found that while attachment decreased w ith increasing pore size from 

120-200 |jm , it began to drop o ff  below 120 pm and peak levels o f cellular attachment 

were found when the pore size was increased above 200 |am (Figure 6.1). It is 

hypothesised that the peak at 100 |jm  is due to the benefits o f increased surface area 

with smaller pore sizes, while the second peak at 325 |am is due to the increase in 

permeability observed as pore size increases. This compares well to previous work 

which has shown that a pore size above 300 |um is required for bone tissue
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engineering  (Chu et al., 2001). The additional findings o f  the second study (M urphy et 

al., 2008) reveal the com plexity  o f  the in teractions betw een pore structure and cellu lar 

activity , thus dem onstrating  the need for the ability  to m anufacture scaffolds with a 

w ide range o f  m ean pore size.

6.3 Mechanical Properties

In C hapters 3 & 4 I describe the effects o f dehydrotherm al (D H T), l-e thy l-3-3- 

dim ethyl am inopropyl carbodiim ide (E D A C ) and glutaraldehyde (G TA ) crosslinking 

on the m echanical properties o f  C G  scaffolds. C rosslinking was used to strengthen the 

scaffo lds as it provides an effective m ethod o f im proving the m echanical properties 

w ithout altering the porous nature o f  the scaffolds. D H T treatm ent is the standard 

m ethod used to stabilise C G  scaffolds in a num ber o f  studies, though it has yet to be 

investigated  in a thorough fashion. ED A C  and G TA , w hilst considered  alone fo r their 

effects on collagen, have not been studied in a m anner that allow s their relative m erits 

to be directly  com pared  for use in tissue engineering. In addition , it was hypothesised 

that it may be possible to com bine ED A C  and G TA  treatm ents in order to further 

increase scaffold properties. U sing these crosslinking treatm ents, we produced 

scaffo lds w ith a com pressive m odulus that can be contro lled  betw een 0 .44  and 1.8 

kPa.

Tem perature  and exposure period o f  D H T treatm ent and the concentration  o f  ED A C 

and G T A  used w ere varied to determ ine the effects o f  these param eters on scaffold 

properties. Increasing the tem perature and duration o f D H T treatm ent resulted  in a 2- 

fold increase in com pressive m odulus, w hile tensile m oduli increased alm ost 4-fold. 

In addition, denaturation  increased with DHT tem perature and exposure period.
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ranging from  20%  to 60%  denaturation. D enaturation is generally  considered 

undesirab le  as it d isrupts the native collagen structure and increases the degradation 

rate (P ieper et al., 1999, M iles and Bailey, 2001). H ow ever, denaturation  has also 

been show n to reduce the inflam m atory  response and increase cellu lar activity in vivo  

(K oide et al., 1993, T aubenberger et al., 2008). Further work is required  to clarify  its 

im pact on the perform ance o f the scaffolds. A s expected, the effectiveness o f  ED A C 

and G T A  increased with concentration. The optim al m echanical properties were 

atta ined  using 96 m m ol o f  ED A C  and 0.125 g G TA  per a gram  o f  collagen. U sing 

these techniques a 4-fold  increase in the com pressive properties o f  C G  scaffolds was 

atta ined  (p<0.05). H ow ever, results indicated that the m echanism s o f ED A C and GTA 

crosslink ing  prevent their use in com bination. Taken together, these results indicate 

that crosslinking is a viable technique for altering the m echanical properties o f CG 

scaffolds.

D espite these im provem ents, the m echanical properties o f these scaffolds are in a 

range that is not d irectly  com parable to native tissue in m any applications. 

U nquestionably , the m echanical properties o f  scaffolds are critical for preserving 

structural integrity and functionality  during both in vivo  im plantation and long-term  

perform ance. In addition, a great deal o f work has been published dem onstrating the 

influence o f m echanical properties on ce llu lar activity, thus m echanical properties 

further determ ine the functionality  o f a tissue-engineered construct (E ngler et al., 

2004a, E ngler et al., 2004b, E ngler et al., 2006, Yeung et al., 2005, Lee et al., 2001). 

H ow ever, w hile it is often stated that scaffolds need to  have m echanical properties 

resem bling that o f  native tissue (H ollinger and C haudhari, 1992, H utm acher, 2000, 

Luo et al., 2007), it is the au th o r’s opinion that this is not required for a scaffold to be



successful in m any tissue engineering applications. It is worth noting that the standard 

treatm ents fo r repair o f load bearing tissues use supports such as fixation and sutures 

to bear m echanical loading during healing  and rehabilitation (K oob, 2002, 

Finkem eier, 2002). Furtherm ore, approaches using m aterials with com pliant 

m echanical properties have been successfully  used to induce regeneration o f bone 

(T iedem an et a!., 1995). It also  has to be considered that the scaffold is a starting point 

for engineering a tissue; m any approaches envisage in vitro  conditioning, using 

b ioreactors and grow th factors to grow  a functional tissue p rior to im plantation. 

T herefore, the influence o f scaffold m echanical properties on ECM  production  and 

tissue regeneration is o f greater im portance than a desire for the scaffolds to be load 

bearing w hen im planted, provided the properties are sufficient to survive surgical 

im plantation and the in vivo  environm ent.

6.4 Crosslinking and Cellular Activity

C hapters 3 and 4 de.scribe the effects o f  DHT, ED A C  and G TA  crosslinking 

techniques on the m echanical properties o f C G  scaffolds. In C hapter 5 we sought to 

explore the effects o f crosslinking, and the subsequent changes in m echanical 

properties, on cellu lar activ ity  w ithin the scaffolds. In addition, the nature o f 

crosslinking involves the use o f  reagents w hich m ay have the potential to cause cell 

death if  they rem ain w ithin the scaffolds. It was therefore necessary to  carry  out 

experim ents to expose any cy to toxic side effects. To this aim , treatm ent groups that 

show ed significantly  enhanced m echanical properties w ere chosen from  the previous 

studies of crosslinking techniques and used to treat scaffolds in order to investigate 

the effects o f crosslinking and m echanical properties on the m etabolic activity .
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seeding efficiency, proliferation and spatial distribution o f MC3T3 osteoblasts seeded 

onto collagen-GAG scaffolds crosslinked.

The results presented in Chapter 5 show that cellular activity can be improved through 

crosslinking o f CG scaffolds. GTA and EDAC 6mmol treatment groups show 

enhanced cell attachment, proliferation and infiltration. In particular G TA crosslinked 

scaffolds showed a 6.4-fold increase in cell number at 7 days when compared to the 

standard DHT 105°C group. This compares favorably w ith previous work in our 

laboratory which has shown no proliferation upon the standard scaffolds after 7 days 

(Tierney et al., 2008). Additionally, there was evidence o f cytotoxicity when using 

high molarity EDAC crosslinking. Cellular proliferation was found to decrease when 

the molarity o f EDAC crosslinking was increased from 6 to 96 mmol. Taken together, 

these results indicate that the enhanced cellular activity upon G TA and EDAC treated 

scaffolds demonstrates their suitability fo r use both in vi tro and in vivo.

Previous work has postulated that cell mediated contraction may reduce the 

proliferation o f chondrocytes (Lee et al., 2001). In the study contained in Chapter 5, 

the only groups observed to show any cell mediated contraction were the groups 

crosslinked using D HT treatment. Therefore the lack o f proliferation in these groups 

may be due to contraction o f the scaffold, which, among other things, results in 

collapse o f the pore structure reducing the diffusion o f nutrients and waste products 

w ith in the scaffold. The increased mechanical properties o f GTA and EDAC 

crosslinked scaffolds allows them to retain their porous structure upon hydration 

while DHT treated samples contract upon hydration reducing the surface area 

available for seeding. This demonstrates the importance o f mechanical properties in
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providing an appropriate environment for cellular activity. Additionally, previous 

work has shown that the mechanical properties are capable of influencing cellular 

differentiation, adhesion and proliferation (Lee et al., 2001, Yeung et al., 2005, Engler 

et al., 2006). Therefore the control of mechanical properties via crosslinking may have 

further benefits. However, longer term culture experiments are needed to shed further 

light on this and the influence of mechanical properties on tissue formation. 

Increasing the degree of DHT treatment (from 105°C to 150°C) was found to have no 

significant effects on cellular activity. It appears that the increase in mechanical 

properties obtained through extended DHT were not sufficient to withstand cell- 

mediated contraction.

There is some evidence of the cytotoxicity due to GTA treatment in previous work 

(W iebe et al., 1988, Gendler et al., 1984). In contrast, GTA-treated scaffolds in this 

study show enhanced cellular viability when compared to EDAC treated scaffolds 

with similar mechanical properties. However, GTA treatment has also been shown to 

induce calcification in vivo (Jorge-Herrero et al., 1999, Kim et al., 1999). This may 

enhance the suitability of GTA-treated CG scaffolds for u.se in bone regeneration, 

while limiting their use for regeneration of non-calcified tissues. Long term cell 

culture experiments using osteoblasts and osteogenic factors are needed to clarify 

these findings.
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6.5 Future Work

•  Though annealing  produced an increase in pore size, it did not expand upon 

the range o f  pore sizes that could be produced by altering  Tf. T herefore, the 

possib ility  o f producing scaffolds w ith larger pore sizes by com bining high 

freezing tem perature, w hich produced the largest pores, and annealing, which 

causes ice crystal grow th, is o f interest.

•  D ifferences in freeze-drying equipm ent were deem ed to cause a discrepancy 

betw een the pore size o f  scaffolds produced at M IT  (O 'B rien et al., 2004, 

O 'B rien et al., 2005) com pared  to R CSI. This dem onstrated  the influence o f 

cooling  rate on pore size. D etailed investigation o f the influence o f  cooling

rate on pore size may yield interesting results.

•  DHT treatm ent resulted in significant denaturation  o f  the collagen w ithin the

scaffolds. D enaturation is generally  considered undesirable as it d isrupts the 

native collagen structure and increases the degradation rate, yet it may also 

enhance ce llu lar activity  and reduce the inflam m atory response. D H T treated 

scaffolds may be o f  use in determ ining the effects o f denaturation on scaffold 

perform ance.

•  Investigation o f  the effects o f ED A C  and G TA  crosslinking on the tensile

properties o f  CG  scaffolds w ould be w orthw hile. This inform ation is im portant 

if the scaffolds are to  be used in tensile loading bioreactors or to regenerate
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tissues w hich are loaded in a tensile fashion (i.e. tendon or ligam ent 

regeneration).

• The effect o f m echanical properties on cellu lar activity (independent o f the 

influence o f  crosslinking technique) can be investigated  using ED A C 

crosslink ing  to  produce scaffolds with a range o f  m echanical properties. In 

particular, advancing the experim ents o f E ngler et al. (2006) concerning the 

influence o f  substrate stiffness on stem cell differentiation , by m oving from  a 

2D  substrate to a 3D construct is o f interest.

• The induction o f  calcification  caused by G T A  treatm ent is o f  interest in the 

context o f  bone tissue engineering. Long term  culture o f osteoblasts within 

G TA  treated  C G  scaffolds is needed to  provide further inform ation.
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6.6 Conclusions

1. A process has been developed that allows the mean pore size of collagen-GAG 

(CG) scaffolds to be varied in a controlled manner from 85-325 pm. The 

freezing temperature used during fabrication of CG scaffolds was varied from 

-10 to -70°C in order to determine its effect on pore size. The pore size was 

found to reduce with temperature until -50°C, after which there are no further 

changes in pore size. It was hypothesised that this was due to a large increase 

in the viscosity of the frozen suspension caused by glass transition between 

-42 and -50°C.

2. An annealing step was introduced into the fabrication process and optimised in 

order to increase the mean pore size of the scaffolds. The duration of 

annealing was varied between 0.25 and 48 h to determine its effect on pore 

size. The pore size was found to increase with annealing time until 18 h, 

producing a 40% increase in pore size (from 135 to 190 |am).

3. Dehydrothermal (DHT) treatment was found to increase the mechanical 

properties and denaturation levels of CG scaffolds. The effects of the 

temperature and exposure period of DHT treatment were varied to determine 

their effects on the mechanical and structural properties of CG scaffolds. 

Statistical correlations demonstrated that compressive modulus increased with 

temperature (2-fold), while the tensile modulus (3.8-fold) and levels of 

denaturation (15-60%) were found to increase with both temperature and 

exposure.
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4. Chemical crosslinl<ing techniques produced a significant increase in the 

com pressive modulus o f  C G  scaffolds. The concentration used during l-ethyl- 

3-3-dimethyl aminopropyl carbodiimide (EDAC) and glutaraldehyde (GTA) 

crosslinking was varied to determ ine its effects on the mechanical properties 

o f  CG scaffolds. Both ED A C  and G TA  crosslinking significantly enhanced the 

com pressive modulus o f  C G  scaffolds. Using these techniques a 4-fold 

increase in the compressive properties was attained.

5. The possibility o f  combining ED A C  and G T A  crosslinking was investigated 

by using the treatments in succession. However, no increase in compressive 

modulus was found when the com bined treatments were com pared to the 

individual ED A C  and G T A  treatments. It was hypothesised that the 

mechanism s o f  the crosslinking treatments prevented them from being 

com bined effectively.

6. Crosslinking and the mechanical properties were demonstrated to have 

significant effects on cellular behaviour. Scaffolds were treated using DHT, 

E D A C  and G T A  crosslinking. The improved mechanical properties o f  ED A C  

and G T A  crosslinked scaffolds were shown to enhance cellular attachment, 

proliferation and infiltration when com pared to the standard D H T crosslinked 

scaffolds. In particular, G TA  crosslinked .scaffolds show the greatest potential 

for tissue engineering, having the ability to support 6.4 times as m any cells as 

the standard scaffolds. In addition, ED A C  crosslinking showed evidence of  

cytotoxicity at high concentrations.
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