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ABSTRACT

The object of this work is to determine whether modifications in the structure of collagen,
induced by its exposure in vitro to reactive aldehydes, yields a substrate that can support the growth
of cultured skin fibroblasts more effectively than untreated collagen.

Such studies may increase

understanding of Ducherme muscular dystrophy in which the characteristic fibrosis of degenerating
skeletal muscles may arise, as a secondary effect, from the peroxidation of membrane lipids. They
may also contribute to the development of improved skin substitutes, based on fibroblasts embedded
in a gel of chemically-modified collagen, for use in the treatment of bums.
It has been reported that cell spreading and DNA synthesis are enhanced in skin fibroblasts
that are cultured on collagen in which intermolecular cross-linking has been increased by incubation

in vitro. I have therefore investigated both the spreading behaviour and cell division of human skin
and mouse 3T3 fibroblasts on collagen that has been exposed either to malondialdehyde, which is a
major product of lipid peroxidation reactions and known to cross-link collagen, or to two other reactive
aldehydes (2,4-hexadienal and glutaraldehyde). Freshly isolated fibroblasts were plated on films of
native and chemically-modified collagen in serum-free conditions.

Both human skin and 3T3

fibroblasts exhibited a marked enhancement in cell spreading in 100 minutes at 37°C on the modified
collagen preparations, by comparison with spreading on native collagen. For human skin fibroblasts,
the extent of enhancement in cell spreading was proportional to the loss of collagen primary groups,
with the glutaraldehyde-treated collagen showing the greatest degree of enhancement.

The free

tripeptide, RGD, caused an inhibition of human skin fibroblast spreading on collagen, whether in its
native or modified form, indicating that this binding sequence was involved in cell spreading.
My studies on thymidine incorporation into human skin fibroblasts suggest that an
enhancement in the spreading of these cells on aldehyde-treated collagen did not, however, result in
an increase in cell division.
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CHAPTER 1 : INTRODUCTION

Anatomy of the Skin

The skin consists of the various layers of the epidermis (basal

stratum basale, prickle

cell XdiyQxlstratum spinosum, granular layexfstratum granulosum, clear Xsytxlstratum lucidum and homy

layQx!stratum corneum), the epidermal appendages (sweat glands and ducts, hair follicles and sebaceous
glands) and the dermis (containing collagen and elastic fibres, blood vessels and nerves)(Asmussen &
Sollner, 1993).

Epidermis

This is an organ for the continual production of keratin. It is about 0.1 mm thick. New cells
are produced by mitosis in both the basal layer and prickle-cell layer (together referred to as the
germinative layer). As the cells ascend through the prickle cell layer, they become progressively
flatter. When they reach the granular layer, the nuclei start to die and kerato-hyalin granules appear.
The kerato-hyalin changes to keratin, the nuclei disappear altogether and, by this time, the outer layer
of skin, the homy layer, comprises entirely dead kératinocytes. The entire epidermis is renewed, in
this way, within 27 days (Asmussen & Sôllner, 1993).

Dermis

Histologically, two layers can be distinguished: stratum papillare (papillary layer) and the

stratum reticulare (reticular layer). It has characteristic tensile strength and elasticity. The dermis is
firmly intermeshed with the epidermis by the connective tissue papillae from which the papillary layer
derives its name. Fibroblasts are among the free connective tissue cells which are abundant in this
region. Collagen and elastic fibres form a network of fibrocytes. The free space is filled with
extracellular matrix (Asmussen & Sôllner, 1993).
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It is interesting that fibroblasts, derived fi-om embryonic mesoderm, predominate in cell
cultures. They have the morphology of tissue fibroblasts and therefore are invaluable for in vitro
work, but are not as differentiated.

Wound Healing

A major problem in the treatment of bums is the replacement of lost skin. This not only
affects the final appearance of healed minor bums but, in more severe cases, is vital for recovery.
Third-degree bums destroy both epidermis and dermis, necessitating the replacement of skin.
Uninjured areas of skin are normally employed as donor sites for skin grafts. However, in cases where
the bum is extensive, autologous grafts are inadequate, since repeated grafting from a donor site is
limited by the rate of skin regeneration. There is, at present, no completely satisfactory solution to
this problem, therefore artificial skin substitutes are now being studied. Originally, fibroblasts were
embedded within a collagen gel. This led to the contraction of the collagen lattice and the production
of a dermal equivalent (Bell et ai, 1979). Many types of collagen-based artificial skins (Yannas &
Burke, 1980a, 1980b; Bell e/a/., 1981a, 1981b, 1981c; Cony gf a/., 1990; Rompré era/., 1990; Krejci

et al, 1991; Sugihara et al, 1991; Gao et al, 1992; Koide et al, 1993) have now been developed.
A wound is usually defined as a pathological state in which tissues are separated from each
other and/or destroyed. This is associated with a degree of substance loss and impairment of fimction.
Wounds can occur in every tissue of the body, but generally the term is used for the skin and that of
"injury" for intemal wounds.
Wound healing in man is mainly a process of tissue repair. Wound healing is defined as:
closure of a defect by scar-forming connective tissue and epithelial regeneration (epithelization). This
involves a complex series of biological events which include inflammation, cellular migration,
fibroblast proliferation (fibroplasia), production of collagen and tissue remodelling (Dvorak, 1986).
Clark has divided wound healing into three main phases: inflammation (early and late phases),
granulation tissue formation, and matrix formation and remodelling (Clark, 1985). It is important to
understand, though, that the various stages overlap greatly. Collagen accumulation begins soon after
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the onset of granulation tissue formation and continues during matrix formation and tissue remodelling.
Tissue remodelling includes the deposition of connective tissue and wound contraction. It also
increases the scar tensile strength to 70-80 % of normal skin (Clark, 1985).
Both kératinocytes and fibroblasts play an important role in wound healing: kératinocytes in
the re-epithelization process and fibroblasts, rich in F-actin bundles, generate the force in wound
contraction (Souren et al, 1989). Contraction of the extracellular matrix is thought to play a vital role
in the process of wound healing (Grinnell et al, 1986). Collagen gels, populated with fibroblasts, can
be employed as a model system in order to study both the reconstitution of skin and wound contraction
(Bell et al, 1979; Bell et al, 1983; Souren et al, 1989; Ehrlich & Rajaratnam, 1990). In populated
collagen gels, the extent of lattice contraction is directly dependent on cell concentration (Bell et al,
1979) and inversely dependent on collagen concentration (Bell et al, 1983). The gel contraction is
also dependent on the concentration of serum (Gillery et al, 1986).
Using a fibroblast-populated collagen lattice, Ehrlich and Rajaratnam showed that fibroblasts
attempting to move within the collagen matrix reorganize the surrounding collagen fibrils. When the
collagen fibrils cannot be further organized, the fibroblasts do not participate any longer in the
dynamic process of lattice contraction (Ehrlich & Rajaratnam, 1990). Dermal equivalents with a high
collagen concentration (2.9 mg/ml) and a low fibroblast concentration (5 x 10^ cells/ml) contracted
little after 14 days in culture, but those with a low collagen concentration (0.9 mg/ml) and a high
fibroblast concentration (5 x 10" cells/ml) had contracted to a great extent after only 1 day in culture
(Rompré et al, 1990). The attachment of fibroblasts to collagen fibres produces a traction, which
results in the packing and compacting of the fibres in the immediate proximity of the cells (Harris et

al, 1981). Therefore, the larger the fibroblast-to-collagen ratio, the greater the dermal equivalent
contraction. It has also been shown, however, that kératinocytes as well as fibroblasts rearrange the
collagen lattice in a collagen concentration and cell number dependent fashion. Fibroblasts within the
collagen gel, together with kératinocytes on the top of the gel, produced the optimal gel contraction
(Souren et al, 1989).
The mechanism of wound contraction is for fibronectin-containing microfibrils to link
fibroblasts to each other and to collagen bundles and so provide transduction cables across the wound
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for contraction. Granulation tissue formation, F-actin bundle and fibronectin receptor expression in
wound fibroblasts and fibroblast-matrix linkage have been shown to precede wound contraction (Welch

et al, 1990).
The fibroblasts exhibit several different activities during connective tissue repair. At first,
they migrate from adjacent tissues into the wound region. Once in the wound region, they proliferate
and synthesize an extracellular matrix.

As the fibroblasts proliferate and migrate, they alter in

phenotype. The fibroblasts also contribute to the remodelling of newly synthesized extracellular
matrix. Finally, the expanded fibroblast population regresses. The expression of different fibroblast
fimctions during wound repair usually occurs over a period of weeks, rather than days (Clark, 1985).
The newly-formed extracellular matrix is initially composed of great quantities of fibronectin
(Grinnell et al, 1981), is collagen-rich and fills the wound defect. The deposition of type III collagen
occurs after the deposition of fibronectin and then finally type I collagen. Despite the fact that
collagen is a less adherent surface for fibroblasts by comparison with fibronectin (Klebe, 1974;
Pearlstein, 1976), types I and III collagen finally form fibrous bundles that enhance the tissue tensile
strength markedly.

Collagen as a Biomaterial

Type I collagen is widely used for the repair of skin defects and for various medical devices
(Chvapil, 1982). It is a good naturally occurring biomaterial because it has high tensile strength, low
antigenicity, low infiammatory (Leonard et al, 1990) and low cytotoxic properties and it also has the
ability to promote cellular growth and attachment (Elsdale & Bard, 1972; Chvapil, 1982).
However, although collagenous biomaterials generally stimulate only a mild inflammatory
response, they are still recognized as "foreign" and lead to implant degradation by host enzymes.
Physical cross-linking techniques such as severe dehydration, u.v. irradiation and dehydrothermal
treatment (Weadock et al, 1984; Gorham et al, 1992; Koide et al, 1993) and also chemical crosslinking agents like glutaraldehyde (GTA), formaldehyde, isocyanates and imidoesters (Harris & Farrell,
1972; Oliver et al, 1980; Cheung & Nimni, 1982; Cheung et al, 1983; Kligman & Armstrong, 1986;
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McPherson et ai, 1986; Nimni et al, 1987; Petite et al, 1990; Simionescu et al, 1991; Simmons &
Kearney, 1993) have therefore been used to control the degradation rate of collagenous biomaterials.
Physical methods, like severe dehydration and exposure to short wave (254 nm) u.v. irradiation, have
the advantage of not leaching monomers which may induce cytotoxicity, but they generally yield a low
density of cross-links (Weadock et al, 1984). Chemical cross-linking techniques often use bifunctional
reagents, especially aldehydes. Glutaraldehyde is very effective and is the most widely used crosslinking agent. Work involving cross-linking collagen with glutaraldehyde has produced implants that
resist resorption (Roe et al, 1990), are persistent (DeLustro et al, 1986) and possess considerable
tensile strength (Quteish et al, 1990). However, any advantages gained by cross-linking must be
weighed against its deleterious effects upon tissues and cells, since it has also been observed in tissue
culture studies that collagenous materials cross-linked with glutaraldehyde exert a cytotoxic effect
(Cooke et al, 1983; Côté & Doillon, 1992) and also show a tendency to calcify after implantation
(Levy et al, 1986).

Collagen

Collagen is the major structural protein of vertebrates and is an essential component of
connective tissues. It is secreted by fibroblasts. The word collagen is derived from the Greek words
meaning "to produce glue". There are known to be at least 16 distinct genetic types; work is at present
being carried out on more.
70-80 % of the dry weight of the dermis is accounted for by collagen. 80 % of this is type
I and 10 % is type III. These two collagen sub-types are the major ones involved in cutaneous wound
healing. Small amounts of types IV, V, VI and VII collagen are also present in skin, although their
roles in wound healing are unclear. Collagen types I, III, V and VII are fibrillar, whereas types IV
and VI are not.
Collagen contains three similar or identical polypeptide chains which are parallel and extend
the length of the molecule. Type 1 collagen is the major collagen of skin, tendon and bone. It
comprises two a 1(1) chains together with one a2 chain. Type III collagen comprises three al(III)
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chains. Each a chain of collagen assumes a polyproline 2 type helix and the three chains are coiled
together in a right-handed superhelix with a pitch of about 9 nm to form a rodlike molecule about 300
nm long and 1.4 nm in diameter. This is called tropocollagen. The molecular structure is dependent
on glycine as every third residue (Ramachandran & Kartha, 1954), plus adequate proline and
hydroxyproline to direct the conformation. The remainder of the amino acids are not critical. Glycine
only occurs elsewhere from the triplet sequence once (position 2, residue 327).
Prolyl residues are hydroxylated in the lumen of the rough endoplasmic reticulum before the
association of the collagen a chains. Posttranslational hydroxylation of prolyl residues is catalyzed
by prolyl 3-hydroxylase and prolyl 4-hydroxylase. 4-hydroxyproline is only found preceding glycine
in the helical region of the a chains of vertebrate collagens and is necessary for molecular stability
under physiological conditions by facilitating hydrogen bond formation between chains. There is very
little 3-hydroxyproline in type I and type II collagens. There is one residue (residue 999 in calf a 1(1))
which follows glycine and precedes 4-hydroxyproline.

Little is known about the role of 3-

hydroxyproline in collagen (Hopkinson, 1992). The triple helix is stabilized most by proline-rich
tripeptides eg. Gly-Pro-Y. Proline-free tripeptides do not augment the stability (Segal, 1969).
Lysine residues can also be hydroxylated in collagen. However, unlike 4-hydroxyproline, the
hydroxylysine content of a collagen is variable and varies from tissue to tissue. Only a few lysine
residues are completely hydroxylated in the type I collagen of skin (residues 103, 697, 931 and 943)
(Piez, 1976). These residues have two important fimctions; the hydroxyl group acts as an attachment
sites for carbohydrate residues and the hydroxylysine residues are involved in the formation of
intermolecular cross-links between collagen molecules (Hopkinson, 1992).
The amino acid sequences of the a 1(1) and a2(l) chains have been elucidated (Fietzek &
Kuhn, 1976). The a l chain of type 1 collagen contains 1052 residues, 1011 of which consist of the
triplet Gly-X-Y, where X and Y can be any amino acid. If the type 1 molecules have been reacted
with P-aminopropionitrile, a lathyrogen which specifically inhibits lysyl oxidase by irreversibly
combining with the enzyme (Narayanan et al, 1972), cross-linking is prevented and single a 1(1) and
a2 chains in a stoichiometric ratio of 2:1 appear, reflecting their distribution in each molecule.
However, if collagen molecules are extracted where the cross-linking has been partially or completely
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blocked, there are increasing amounts of cross-linked dimers. These include p chains (covalently
linked dimers composed of two a chains), y chains (trimers of three a chains) and even higher relative
molecular mass species. P chains can be either composed of two a 1(1) chains, termed p ,, chains or
composed of one a 1(1) and one a2(I) chain where they are then termed P, %chains.
The amino acid sequence of the al(III) chain has also been elucidated (Seyer & Kang, 1977,
1978; Allman et al, 1979; Bentz et al, 1979; Dewes et al, 1979a, b; Fietzek et al, 1979; Lang et al,
1979). Collagens of different species differ somewhat in amino acid sequence, but most contain
approximately 35 % glycine, 11 % alanine, 12 % proline and 9 % hydroxyproline.
The N terminal 16 residues and the C terminal 25 residues have a different kind of sequence.
They do not contain glycine as every third residue and therefore cannot be triple helical. It is the lysyl
residues in these regions which are the precursors of the cross-links (Piez & Miller, 1974). The lysine
residue at position 9 has been shown to be converted to the aldehyde allysine.
A combination of results from chemical and x-ray diffraction studies (Miller & Parry, 1973),
together with electron optical work (Hodge & Petruska, 1963) have shown that collagen molecules are
assembled into a substructure by a regular stagger and rotation of molecules to yield a 5-stranded
helical microfibril with a native repeat of 66.8 nm. The native fibril is produced by side-to-side
packing of aligned microfibrils (Piez & Miller, 1974). Fibrils are 100-300 nm long. The collagen
molecule is approximately 299 nm (Gross et al, 1954; Hall, 1956) by 1.5 nm. There is a net negative
change in free energy associated with this process, of between -12 and -23 kcal/mol. Thus, collagen
fibrils occur spontaneously at a neutral pH.
The genes which encode the chains of types I, III, IV, V, VI and VII have been either
partially or wholly characterized (Tromp et al, 1988; Kuivaniemi et al, 1988; Ala-Kokko et al, 1989;
Soininen et al, 1989; Hostikka & Trygyvasan, 1987; Weil et al, 1987; Wâlchi et al. Parente et al,
1991). Types I and III procollagens are encoded by very similar genes. The repeating sequence of
glycine-proline-hydroxyproline in the triple helical domains is related to this similarity. The genes
comprise 52 exons. The triple helical domain is coded by 42 exon parts. The exons in these segments
are 54 or multiples of 54 bp long. Man, chick and rat have identical exon sizes and arrangements.
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Collagenase

Collagenase is important for cell migration and collagen remodelling during wound healing.
Native collagens, but not other proteins, are degraded at physiologic pH and temperature by bacterial
collagenases, which recognize and cleave the sequence gly-X-pro-gly. The collagenase activity in
fibroblasts is regulated by cytokines and the interaction with the extracellular matrix. Collagenase is
a distinct metalloprotease, which cleaves interstitial collagens (types I-III) (Stricklin et ai, 1977;
Wilhelm et al., 1986). It cleaves triple helical collagen such that fragments of one and three quarters
the length of the entire molecule are released. These smaller products are then susceptible to several
nonspecific proteases, but the intact molecule is not.
Collagenase is produced by several cell types including fibroblasts. Collagenase is produced
in an inactive form by human skin fibroblasts, when the cells are cultured in serum-free medium
(Bauer et ai, 1975). An inhibitor is also present in the medium, but, when the enzyme is activated
it is identical to the collagenase isolated from short term organ cultures of human skin (Bauer et al,
1975). Its activity is tightly controlled, since it is the key enzyme in the degradation of connective
tissue. Both collagenase gene expression and activation depend on the 3-dimensional contact of
fibroblasts with a collagenous extracellular matrix (Mauch et al, 1989). Well spread cells secrete less
collagenase enzyme (Nishikawa et al, 1987), than unspread cells.
Collagenase appears to be present extracellularly in large amounts during the inflammatory
and early proliferative phases of wound healing. However, during the contraction and remodelling of
scar tissue, it is present only in low concentrations. The collagenase concentration decreased when
wounds were completely epithelialized (Agren et al, 1992).

The Stability of Collagen

A sharp structural transition from a triple-helix to a random coil conformation occurs when
collagen is heated to a temperature close to that of physiological temperature. The random coil
configuration is termed gelatin. For human type I collagen the T„ (midpoint of melting transition) is
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between 40 and 42°C (Rao et al, 1989), but has been determined as 41.4®C by Notbohm and co
workers (Notbohm et al, 1992). Fresh collagen gels have been observed to have a
(Nishikawa et al, 1987),

of 42°C

The stability of the triple-helix is mainly influenced by proline

hydroxylation. The melting temperature decreases from 40-44°C to 26°C when prolyl hydroxylation
is inhibited (Rao et al, 1989), The extent of lysyl hydroxylation also has a small but nevertheless
meaningful influence on collagen thermostability. Both under- and over-hydroxylation reduce the
melting temperature, although underhydroxylation has a greater influence (Notbohm et al, 1992),

Intermolecular and Intramolecular Cross-links

Both intra- (Bomstein & Piez, 1966) and intermolecular (Bailey & Peach, 1970) cross-linking
can occur in collagen. The conversion of lysine and hydroxylysine to their respective aldehyde forms,
allysine and hydroxyallysine is necessary for intramolecular and intermolecular cross-link formation.
Cross-links based on lysine aldehydes predominate in skin (Eyre et al, 1984), The only enzyme
known to be involved in cross-link formation in collagen is lysyl oxidase, which promotes the
oxidative deamination of the e-amino group of specific lysine and hydroxylysine to the highly reactive
aldehyde forms (lys^"°, OHlys^“°), These aldehydes subsequently react with the epsilon amino groups
of other lysines to form Schiffs bases or with other aldehydes to form aldol cross-links,
Glutaraldehyde, malondialdehyde and other aldehydes can cross-link collagen in a comparable fashion
by direct interaction with the e-amino groups of lysine and hydroxylysine residues,
Lysyl oxidase acts preferentially on lysine and proline when they are found in the NHj and
COOH terminal extensions. Lysyl oxidase is a copper metalloenzyme, which may require pyridoxal
phosphate as a cofactor (Kagan & Sullivan, 1982), It acts extracellularly.
Intramolecular covalent bonds have been so far identified only between amino terminal
telopeptides of collagen (Eyre et al, 1984), They are formed by the reaction of two allysine residues
of two a chains to form a dimer which is an aldol-type condensation product, Intermolecular cross
links, derived from lysine residues, stabilize the collagen fibrils and confer on them a very high tensile
strength (Ricard-Blum & Ville, 1988), They are also vital in providing connective tissue with their
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stability, cohesiveness and physicochemical properties.
The identification of intermolecular cross-links involved reduction with the compound sodium
borohydride. The tensile strength of tendons was significantly increased by prior treatment with
NaBH^ and reconstituted collagen fibres became very insoluble and displayed markedly greater thermal
shrinkage than control fibres when exposed to NaBH^. The specificity of these effects was related to
both correct molecular packing in the fibrils and also to the availability of both aldehyde and e-NHj
groups (Tanzer, 1976).
Collagen can form two types of intermolecular cross-links: the reducible cross-links laid down
in newly formed collagen, which decrease in concentration as connective tissues mature, and the
intermolecular non-reducible cross-links of mature tissues (Ricard-Blum & Ville, 1989). The reducible
cross-links include lysinonorleucine (Bailey & Peach, 1971), hydroxylysinonorleucine which was the
first reducible cross-link to be isolated and characterized from native collagen (Bailey & Peach, 1968),
dihydroxylysinonorleucine (Bailey et ai, 1970), hydroxymerodesmosine, aldol histidine and
histidinohydroxymerodesmosine (Bailey et ai, 1970). The reducible cross-links are proposed to be
biosynthetic intermediates of the more complex non-reducible cross-links present in mature collagen
(Bailey & Shimokomaki, 1971). The formation of mature cross-links may involve intermicrofibrillar
cross-linking by further reaction of the bifunctional linkages to form non-reducible multifunctional
compounds (Robins, 1983).
Histidinohydroxylysinonorleucine (HHL) has been identified as the major nonreducible cross
link of skin and its structure determined (Yamauchi et al, 1987). HHL content displays a continuous
increase throughout aging in human and bovine skin collagen and does not diminish with time
(Yamauchi et al, 1988), thus confirming previous hypotheses that an increase in cross-linking occurs
with biological aging.
The same homologous sites of cross-linking have been conserved in all of the fibrillar
collagens. In types I, II and III collagens two telopeptide sites (one at each end of the molecule) and
two triple-helical sites have been identified (Kiihn, 1982). In each N and C telopeptide of the chains
a 1(1), al(II) and al(III), there is one aldehyde-forming lysine. The C terminal site is lacking in the
a2(I) chain (Fuller & Boedtker, 1981).
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Cross-linking and Lipid Peroxidation

It is well known that cross-linking of proteins, lipids and DNA occurs in the presence of a
range of products associated with lipid hydroperoxide decomposition (Dillard & Tappel, 1984). An
increase in the cross-linking of collagen has been observed when it is exposed to decomposing lipid
hydroperoxides (Hicks et al, 1989). Malondialdehyde (MDA) is an important water-soluble product
of lipid oxidation, which originates during oxidation of unsaturated fatty acids containing at least three
double bonds separated by methylene groups. It is a bifunctional aldehyde which has been shown to
form cross-links between the lysine residues of proteins, including collagen (Davldkovâ et al, 1973).
It cross-links collagen by direct interaction with the epsilon-amino groups of lysine and OHlysine
residues to form Schiffs bases. Studies have also implicated a range of monofunctional aldehydes
arising from lipid hydroperoxide decomposition, including 2,4-hexadienal (HDA), 2,3-butadione and
4-hydroxynonenal in the formation of cross-linked, fluorescent protein derivatives (Fletcher & Tappel,
1971 ; Kikugawa & Beppu, 1987), although the mechanisms of these reactions are not well understood.

Cross-linking and Cell Behaviour

It has recently been reported that cell spreading and DNA synthesis of epidermal cells and
fibroblasts on maturated collagen gels were significantly enhanced compared to those on fresh gels.
Intermolecular cross-linking is increased in the maturated gel. The changes observed were marked
when the collagen gel was incubated in the presence of glucose, indicating a glucose-protein reaction
is involved (Nishikawa et al, 1987).

Cell Spreading

Cells produce, modify and adhere to their surrounding extracellular matrix. Extracellular
matrices are made up of an insoluble meshwork of protein and carbohydrate that is laid down by cells
and that fills most of the intercellular spaces. Matrices in different locations in the body consist of
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different combinations of collagens, proteoglycans, elastin, hyaluronic acid and various glycoproteins
such as fibronectin and laminin.
Before a cell can spread it must firstly adhere to the substratum. Klebe (1974) proposed that
cell attachment to collagen is a process involving at least two steps. Initially, a high Mr serum protein
must bind to collagen and then, a divalent cation-dependent reaction is required for cells to attach to
the collagen-serum factor complex (Klebe, 1974). Klebe suggested that cells do not bind directly to
substrates, but via an adhesion protein. The serum-factor referred to by Klebe is now known as
fibronectin. Vitronectin (also known as serum spreading factor) is another serum glycoprotein which
has been shown to be involved in promoting cell adhesion and spreading (Grinnell et al, 1977).
Fibroblasts can use fibronectin to attach to plastic and collagen substrates (Klebe, 1974;
Pearlstein, 1976; Grinnell, 1978). Fibroblasts are an example of a cell strain and therefore have a
limited lifespan.

Cell strains have been shown to attach and spread on tissue culture plastic or

denatured collagen substrata in the absence of added factors (Witkowski & Brighton, 1971; Grinnell
& Minter, 1978). In contrast to cell strains, cell lines generally require fibronectin to be previously
adsorbed onto the substratum for the cells to spread (Grinnell & Hays, 1978). It has recently been
proposed that, in the absence of fibronectin, fibroblasts can synthesize their own attachment factor ie.
fibronectin (Grinnell, 1978; Grinnell & Feld, 1979). Although fibroblasts do not need endogenous or
exogenous fibronectin for attachment and spreading, its absence prevents formation of the
microfilament-vinculin system and focal adhesions (Virtanen et al, 1982). Focal adhesion sites (focal
contacts) are the sites of strongest cell-to-substrate adhesion and exhibit a cell-to-substrate space that
approaches to within 10 nm of the substratum.
The fibronectin synthesized by fibroblasts has an amino acid and carbohydrate composition
nearly identical to that of serum fibronectin, as well as indistinguishable secondary and tertiary
polypeptide structures (Yamada & Kennedy, 1979). Fibronectin is equally active in cell adhesion
regardless of the animal species or tissue from which it is derived (Yamada & Kennedy, 1979). It has
specific high-affinity binding sites for the cell surface, collagen, fibrin, sulfated proteoglycans and
other extracellular proteins and polysaccharides. Many of these binding sites are found only in one
or more specific domains. Sustained attachment requires divalent cations and cellular metabolism
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(Klebe, 1975). To inhibit active attachment, it is usually necessary to inhibit glycolysis (for example
with 2-deoxy-glucose) as well as electron transport. Adhesion is temperature dependent: maximal at
37°C and little or none at 4°C (Klebe, 1975).
Both fibronectin and vitronectin are serum glycoproteins that are important for the attachment
and spreading of cultured cells: both ligands have related, but distinct, receptors in human cells.
Although fibronectin binds to various collagen types (Dessau et ai, 1978), it strongly favours
denatured, unfolded collagen over native, triple helical collagen (Kleinman et ai, 1981). Vitronectin,
however, favours the triple helical conformation of collagen (Gebb et ai, 1986). Fibronectin does not
interfere with the binding of vitronectin to collagen. However, vitronectin has been shown to inhibit
the binding of fibronectin to native collagen, suggesting that vitronectin may have a higher affinity for
native collagen than fibronectin (Gebb et ai, 1986).
Fibronectin is V-shaped, consisting of two large polypeptides (M^ 220,000) cross-linked near
one end by disulphide bonds. The cell attachment site in fibronectin is localized 170-200 kD from the
NHj-terminus (Ruoslahti et ai, 1981).
Vitronectin is present in the serum, in tissues and also at the surface of cells (Hayman et ai,
1983). It has two closely related polypeptides with relative molecular masses (M, 75,000 and
65,000) (Hayman et ai, 1983). The cell attachment activity of vitronectin is located close to the NHj
terminus (Suzuki et ai, 1984).
A fibronectin receptor was identified and purified from cultured osteosarcoma cells and
fibroblasts by affinity chromatography on the 120 kD, chymotryptic, cell attachment-promoting
fragment of fibronectin (Pytela et ai, 1985a). A peptide that contains the Arg-Gly-Asp (RGD) cell
binding sequence of fibronectin can elute the receptor from the column. The receptor protein is a
heterodimer of a 160 kD a subunit and a 140 kD P subunit (Pytela et ai, 1985a). A receptor for
vitronectin, that is distinct from the fibronectin receptor, can also be isolated from cloned osteosarcoma
cells or fibroblasts in a similar experiment to that which yields the fibronectin receptor (Pytela et ai,
1985b).
Double-label immunofluorescence microscopy and immunoscanning electron microscopy
techniques showed that the vitronectin and fibronectin receptors are localized at focal contacts and that
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both receptors may even coaggregate within the same focal contact (Singer et al, 1988). The two
receptors together play critical roles in the maintenance of stable contacts between the cell and its
substrate (Singer et al, 1988).

Integrins and the RGD Sequence

Both the vitronectin and fibronectin receptors belong to a widely expressed family of cell
surface adhesion receptors, the integrins (Hynes, 1987; Ruoslahti & Pierschabcher, 1987; Albelda &
Buck, 1990; Ciarrochi et al, 1992; Hynes, 1992; Pfaff et al, 1993). All integrins are transmembrane
glycoproteins composed of alpha and beta subunits, which vary depending on which cells are involved
and on which specific protein is to be bound. The a subunits vary in size between 120 and 180 kd
and are each noncovalently associated with a (3 subunit (Hynes, 1992). Most integrins are expressed
on a wide variety of cells, and most cells express several integrins. Many of the integrins (a^p,,
and all or most a^P integrins) attach to a specific amino acid sequence in structural proteins, that of
arginine-glycine-aspartic acid (RGD) (Pytela et al, 1985a; 1985b; Pytela et al, 1986), although other
cell binding sequences have since been identified.
RGD was identified as the minimal sequence within fibronectin which mediates cell
attachment (Pierschbacher & Ruoslahti, 1984a) after the complete amino acid sequence of the cell
attachment domain of human plasma fibronectin had been determined (Pierschbacher et al, 1982).
However, RGD has now been found in many other proteins including vitronectin (residues 45-47),
collagens, osteopontin, thrombospondin, fibrinogen and von Willebrand factor (Pierschbacher &
Ruoslahti, 1984b; Ruoslahti & Pierschbacher, 1987). Some integrins bind to the RGD sequence of just
one adhesion protein, while others recognize groups of them. The conformation of the RGD sequence
in the individual proteins may be crucial to this recognition specificity or alternatively other sites in
the ligand protein are necessary to stabilize the interaction between receptor and protein (Pytela et al,
1987).
The importance of the RGD sequence is confirmed, since many integrin-matrix bonds can be
inhibited by monoclonal antibodies directed against receptor subunits, or by synthetic proteins
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(peptides) that contain the RGD sequence (Pierschbacher & Ruoslahti, 1984a). Grinnell and co
workers have observed that the peptide Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) inhibited cell spreading
on collagen-coated surfaces. However, GRGDSP did not inhibit cell spreading within collagen gels.
Another peptide (GRGESP) had a different effect: it had no effect on human fibroblast spreading on
collagen-coated surfaces, but inhibited cell spreading within collagen gels. Grinnell concluded that the
interaction of human fibroblasts is dependent on the topographical organization of the collagen
molecule (Grinnell et al, 1989).
Other synthetic peptides, containing the RGD motif, have also been found to inhibit both the
attachment and spreading of baby hamster kidney cells (Yamada & Kennedy, 1984; 1985).

In

addition, the peptide GRGDS has been shown to inhibit lung colonization in C57BL/6 mice when
coinjected with B16-F10 murine melanoma cells, through its capacity to interfere with cell adhesion
processes (Humphries et al, 1986). However, the affinity of the short synthetic RGD peptides to their
corresponding integrins is approximately between 2 and 3 orders of magnitude lower than that of the
native ligands (Humphries et al, 1986).
The inhibition of cell adhesion has important potential for wound healing. Collagen gels have
been used to study the process of wound healing and contraction. Kératinocytes, as well as fibroblasts,
rearrange the collagen lattice; this occurs in a cell number and collagen concentration dependent
manner. The optimal gel contraction is obtained in the presence of kératinocytes on top of, and of
fibroblasts in the collagen lattice, the situation most closely approaching the in vivo situation.
Kératinocytes may also be involved in wound contraction (Souren et al, 1989). Fibroblast contraction
of collagen gels does not require fibronectin, but, is a serum-dependent reaction.

Keratinocyte

contraction of collagen gels occurs in a serum free environment. Contraction of the extracellular
matrix by cells is believed to play an important role in the wound healing process (Grinnell et al,
1986). This contraction is thought to be mediated by fibroblasts or myofibroblasts within the newly
formed granulation tissue. The deposition of fibronectin in wounds precedes the process of collagen
deposition and wound contraction (Welch et al, 1990).
There is growing evidence that integrins mediate the transfer of information into cells. For
fibroblasts, the two main processes by which integrins mediate this signalling are tyrosine
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phosphorylation and cytoplasmic alkalinization.

Tyrosine phosphorylation events triggered via

integrins have recently been described in NIH 3T3 (Burridge et al, 1992) and BALB/c3T3 fibroblasts
(Burridge et al, 1992; Hanks et al, 1992). Adhesion of BALB/c3T3 fibroblasts on fibronectin leads
to tyrosine phosphorylation of a 119-kDa protein-tyrosine kinase designated as focal adhesion kinase
(FaDK) and whose amino acid sequence has been deduced fron cDNA clones (Hanks et al, 1992),
Both NIH 3T3 and BALB/c3T3 fibroblasts, in another study, displayed an increase in tyrosine
phosphorylation in a cluster of proteins between 115 and 130 kD when plated onto fibronectin. One
of the proteins of the 115-130 kD cluster was identified as ppl25'*''^, a tyrosine kinase localized in
focal adhesions. Another protein that also becomes tyrosine phosphoylated was identified as paxillin,
also localized to focal adhesions (Burridge et al, 1992).
Cytoplasmic alkalinization is a second cytoplasmic process that mediates information transfer
into cells and which is triggered by occupation of integrin receptors by their ligands. Adhesion of
fibroblasts to fibronectin results in an increase in cytoplasmic pH and a concomitant stimulation of cell
spreading and growth (Hynes, 1992).
Hynes has suggested that for both of these events ie. tyrosine phosphorylation and cytoplasmic
alkalinization, the integrin receptors synergize with receptors for soluble agonists in stimulating these
signals and that the two events may be connected (Hynes, 1992).

Integrin Binding to Collagen

The integrins a,P,, ajP, and ajP, have been identified as the main cell surface receptors for
collagens (Hynes, 1992). Cell adhesive activity in vitro has been reported for various collagens, which
include types I, II, III, IV and VI (Tuckwell & Humphries, 1993).
Despite the fact that collagens contain RGD sequences (for example each type I collagen
molecule contains 8 RGD sequences: two in each a 1(1) chain and four in the a2(I) chain), there is
little evidence which supports a role for RGD sites in the binding of integrins to them. Studies have
shown that RGD does not function as a recognition sequence for the «gPi integrin, since RGDcontaining peptides (RGDS and SDGR) did not inhibit Mg^^^-dependent platelet adhesion to fibrillar
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collagen (Santoro, 1986). Other studies have demonstrated that the ajP, integrin binds to the al(I)CB3 peptide of collagen, which does contain any RGD sequences (Staatz et al, 1990), Further studies
by Staatz and co-workers, which involved synthesizing a number of peptides and using these in platelet
adhesion assays, localized the collagen binding site of ajP, to the peptide DGEA (Staatz et al, 1991).
DGEA-containing peptides inhibited ttzP,-mediated Mg^^-dependent platelet adhesion to collagen, but
were ineffective in a^P,-mediated adhesion of platelets to fibronectin or a^P,-mediated platelet
adhesion to laminin (Staatz et al, 1991).
Independently, a major cell binding site in type IV collagen was located to the trimeric
cyanogen bromide-derived CB3 fragment (Vandenberg et al, 1991). Affinity chromatography was
employed to identify the cell receptors involved in type IV collagen binding as a,P, and ttjP,. The
binding of CB3 to both integrins was strictly dependent on the triple helical conformation (Vandenberg

et al, 1991). Attachment and spreading assays were employed to study whether collagen structure
plays a role in the binding of HCS-2/8 human chondrosarcoma cells (Tuckwell et al, 1994). Cell
spreading was observed to be approximately twice as efficient on native type II collagen, by
comparison to spreading on heat-denatured collagen. HCS-2/8 cells were found to bind native collagen
via the ajP, integrin, but binding to denatured collagen was mediated by a novel a,P,-fibronectin
bridge, indicating that integrin binding to native collagens is dependent on the collagen having an
intact triple helix (Tuckwell et al, 1994). Disruption of the triple helix destroys or reduces binding
to a great extent. Cyanogen bromide fragments were unable to reproduce the native collagen cell
binding site, localized to the CBIO fragment, adding further evidence that cell binding requires the
collagen conformation to be maintained.

Tuckwell and co-workers suggest that dependence on

collagen conformation means that the use of linear peptides might be unsuitable for the study of cellcollagen interactions (Tuckwell et al, 1994).
It has been suggested that RGD motifs may become exposed when the collagen triple helix
unwinds, and these sequences may then be able to interact with different integrins such as a^p,, a^P,,
ttiibPj or a^Pj. The triple helical region of collagen type VI is a major cell binding region (Pfaff et

a l, 1993). Antibody inhibition, affinity chromatography and/or ligand-binding studies have shown that
the major integrins involved are a,P, and ttjP,: this is RGD independent. However, other integrins
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interact with denatured collagen. Activity was seen for both

and ayPj and

showed weak

activity. In type VI collagen, these integrins recognize some, but not all, of the RGD sequences which
are present (Pfaff et al, 1993).

Growth Factors and Wound Healing

Growth factors have received a lot of interest recently, in relation to wound healing (BlitsteinWilinger, 1992; Rothe & Falanga, 1992; Wenczak et al, 1992; Werner et al, 1992). Rarely is cell
replication as rapid as it is in wounds. The complex processes of wound healing are mediated by a
cascade of enzymes that is controlled, at least partly, by growth factors acting locally (BlitsteinWillinger, 1991). The growth factors partially regulate cell migration, cell proliferation, angiogenesis,
matrix formation and early phase remodelling in wound healing. Several growth factors have been
identified in wounds, but their functions are not only unclear but apparently redundant and sometimes
even antagonistic. For example. Interleukin-1 is found in wounds and accelerates the growth of
fibroblasts in culture. However, it also stimulates the production of collagenase (Clark, 1985).
Platelet-derived growth factor (PDGF) (M^ 30,000) promotes fibroblast growth (Karotzer et

al, 1982). It and basic fibroblast growth factor (bFGF) (M^ 16,400) have been shown to accelerate
dermal as well as epidermal wound healing (Blitstein-Wilinger, 1992). Other fibroblast growth factors
such as acidic growth factor (M^ 15,600) and FGF-5 as well as keratinocyte growth factor are
expressed in normal skin and their expression is induced during wound healing (Werner et al, 1992)
Soluble factors such as transforming growth factor-6 (M, 25,000) and epidermal growth factor
(Mf 6,045), that regulate cell proliferation also regulate the expression of collagen, which controls the
wound strength, fibronectin (Ignotz & Massague, 1986; Ignotz et al, 1987; Blatti et al, 1988) and
integrins (Ignotz & Massague, 1987). Other growth factors including transforming growth factor-a
(Mf 5,700) and insulin-like growth factor-1 (M, 450,000) have also been studied in wound healing
models and shown to promote the wound healing process (Rothe & Falanga, 1992).
Serum, platelet-derived growth factor and TGF-6 stimulate fibroblasts to synthesize more
collagen, whereas y-lFN and mononuclear cell factors cause inhibition (Narayanan & Page, 1983, 1987;
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Rosenbloom et al, 1984; Narayanan et al, 1985; Wrana et al, 1987; Czaja et al, 1987).
Ascorbic acid stimulates collagen production three- to fourfold in human skin fibroblasts
(Murad et al, 1981; Takehara et al, 1986). It acts as a cofactor and also induces lipid peroxidation
with the production of reactive aldehydes, and this step may be necessary for stimulation of gene
expression by ascorbic acid in cultured human fibroblasts (Chojker et al, 1989). This agrees well with
an original hypothesis that ascorbic acid stimulates collagen gene expression in cultured fibroblasts
(Lyons & Schwartz, 1984). Retinoids were shown to inhibit collagen synthesis through inhibition of
ascorbate-induced lipid peroxidation in cultured human dermal fibroblasts (Geesin et al, 1990). This
effect may be due to inhibition of the antioxidant activity of ascorbate, since high concentrations of
retinoids were required.
Transforming growth factors are proteins secreted by transformed cells that can stimulate the
growth of normal cells. Epidermal kératinocytes require special growth factors which are not needed
by fibroblasts and are not present in serum (Rheinwald & Green, 1975).
Growth factors have also been shown to induce the assembly of focal adhesions and stress
fibres. Work on serum-starved swiss 3T3 cells has indicated that it is the small ras-related GTPbinding protein rho that regulates this assembly. Rho was shown to be required specifically for the
formation of focal adhesions and stress fibres, but not for membrane ruffles (Ridley & Hall, 1992).

Cell Division on Collagen Substrata

In early studies, Ehrmann and Gey studied the use of collagen gels for supporting cell growth
(Ehrmann & Gey, 1956). They observed that the collagen gel was a better substrate than uncoated
glass for the growth of various fresh tissue explants and cell strains. Since then, the extracellular
matrix has been shown to influence a number of cellular activities including cell proliferation (Elsdale
& Bard, 1972; Schor, 1980; Nusgens et al, 1984; Yoshizato etal, 1984; Yoshizato etal, 1985; Greco
& Ehrlich, 1992).
Human dermal fibroblasts, suspended in a collagen lattice, have been observed to show
reduced cell division, by comparison to fibroblasts in monolayer culture (Schor, 1980; Greco &
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Ehrlich, 1992), Human fibroblasts also exhibit retarded cell division when suspended in collagen, they
do not when on collagen (Nishiyama et al., 1989).
A prolonged lag period was observed by fibroblasts cultured either on or within a collagen
gel, by comparison with culture on plastic dishes (from 1 day to 2 days). However, the rate of cell
proliferation in logarithmic phase growth, although repressed "in-gel" , was not repressed "on-gel"
(Nishiyama et al, 1989), Growth of human skin fibroblasts on plastic dishes, collagen films and also
on the surface of three-dimensional collagen gels has been shown to occur at approximately the same
rate (Schor, 1980), In contrast to this, however, Yoshizato and co-workers observed a reduction in
DNA synthesis in monolayer cultures of fibroblasts cultured on collagen-coated dishes, by comparison
with that on tissue culture plastic (Yoshizato et al, 1985), which results from a failure to enter the S
phase of the cell cycle (Kono et al, 1990),
The observations of various investigators appear contradictory.

It has, however, been

suggested that DNA synthesis is dependent on the quantity of collagen which the cell contacts, the
minimum effective quantity being 60 pg collagen/cell (Yoshizato et al, 1985), However, other
investigators (Schor, 1980; Nishiyama et al, 1989) observed no suppresion of DNA synthesis on
collagen-coated dishes despite the fact that the collagen available to the fibroblasts was more than 60
pg/cell. However, there is ambiguity over the influence that collagen has on fibroblast DNA synthesis
and this subject requires further study,

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is a human X-chromosome linked disorder, affecting
approximately 1 in 3500 boys, which results in progressive wasting of skeletal muscle and death by
early adulthood. It has been shown that the cause of Duchenne muscular dystrophy in Duchenne
patients (Hoffinan et al, 1987), mdx mice (Hoffinan et al, 1987) and retriever dogs (Cooper et al,
1988) is the genetic absence of the protein dystrophin. Dystrophin has a high Mr and is associated
with the cytoplasmic surface of the plasma membrane (Watkins et al, 1988), Extensive muscle
necrosis results from the absence of dystrophin in Duchenne muscular dystrophy. However, at present.
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the function of this protein is unknown. Very extensive proliferation of connective tissue within the
skeletal muscles has been observed to be one of the most prominent histological features of DMD
(Cullen & Mastaglia, 1980). Consistent with this, an over-production of connective tissue, with a
concomitant decrease in muscle protein synthesis, was observed in cultured DMD fibroblasts (lonasescu

et al, 1977). The reason for the fibrosis is not understood, but it is likely to be a secondary effect
of a lack of dystrophin since the protein is expressed in human fibroblasts at levels that are less than
0.05 % of that observed in skeletal muscle (Chelly et al, 1988). An absence of any consistent
difference in the spreading of normal and dystrophic skin fibroblasts is consistent with dystrophin
effectively not being expressed in fibroblasts and that the accompanying fibrosis is a secondary
consequence of the proximity of fibroblasts to the degenerating muscle (Brown et al, 1990).
Elevated concentrations of lipid peroxidation products have been reported in the muscle of
patients with Duchenne muscular dystrophy (Kar & Pearson, 1979; Jackson et al, 1984). Lipid
peroxidation is enhanced in chicken dystrophy (Omaye & Tappel, 1974; Mizuno, 1984) and muscle
collagen is seemingly more cross-linked than normal (Fujii et al, 1983; Feit et al, 1989a; Feit et al,
1989b). There is a possibility that modifications to endomysial collagen caused in situ by the products
of lipid peroxidation may facilitate the proliferation of endomysial fibroblasts that is characteristic of
Duchenne muscular dystrophy.
The gene which is affected in Duchenne muscular dystrophy has been recently identified
(Love & Davies, 1989). At the time, it was the largest known human gene, comprising at least 60
exons (Koenig et al, 1987).

Aims of This Study

In this study, I aim to investigate the spreading and division of cells on native collagen and
on collagen that has been modified with a reactive aldehydes. Incubation of collagen with either
malondialdehyde, hexadienal or glutaraldehyde should result in the cross-linking of collagen by
interaction of the aldehyde (CHO) groups with the e-amino groups of lysine residues in the collagen
(Davidkova et al, 1973; Chio & Tappel, 1969a, 1969b).

38
An analysis of the loss of collagen e-amino groups upon reaction with the reactive aldehydes
will be performed using the fluorescamine assay (Bôhlen et ai, 1972),
quantitatively the extent of cross-linking.

This will measure

Cross-linking will then be confirmed by SDS-PAGE

(Laemmli, 1970).
Both 3T3 and human skin fibroblasts will be cultured on the various collagens in order to
determine whether an alteration in the extent of cell spreading occurs concomitantly with a change in
collagen secondary structure and whether the extent of spreading is related to the degree of
crosslinking.
The role of RGD in cell spreading on both native and modified collagens will also be studied,
since Grinnell has proposed that fibroblasts bind to differing binding sites in collagen, depending on
its topographical organization (Grinnell et al, 1989). It might be expected that any structural changes
in the structure of collagen, induced by the protein’s reaction with a reactive aldehyde, will alter
collagen’s affinity or accessibility for RGD.
Both 3T3 and human skin fibroblasts will be cultured on the various collagens in order to
whether the cells exhibit the expected enhanced cell spreading on cross-linked substrata and also
whether the modifications to collagen, induced by the reactive aldehydes, either suppress or enhance
cell division. Cell division on the modified substrates will be assayed using the standard technique
dependent on the measurement of [^HJthymidine incorporated into dividing cells.
The ultimate objective of the work is to determine whether collagen, modified by exposure
to either malondialdehyde, hexadienal or glutaraldehyde, acts as a more effective substratum for
cultured skin fibroblasts.
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CHAPTER 2 : CHEMICAL MODIFICATION OF COLLAGEN

2.1 INTRODUCTION

Proteins, DNA and lipids can be cross-linked in the presence of a number of products of lipid
hydroperoxide decomposition (Dillard & Tappel, 1984; Kikugawa & Beppu, 1987). An increase in
the cross-linking of collagen has been observed when it is exposed to decomposing lipid
hydroperoxides (Hicks et al, 1989).
Malondialdehyde is the major product of lipid peroxidation. It is bifunctional (OCH-CHjCHO) and has been shown to cross-link collagen (Davidkova et al, 1975). It reacts with amino
groups to form intra- and intermolecular cross-links. The cross-linked protein is fluorescent, due to
the conjugated Schiffs bases. 2,4-hexadienal (CH -CH=CH-CH=CH-CHO) and 2,3-butanedione,
3

monofimctional carbonyl compounds derived from oxidizing lipids, have been shown to react with
amino groups of bovine serum albumin to yield fluorescent products (Fletcher & Tappel, 1971). Other
monofunctional aldehydes such as 1-hexanal, 1-heptanal and 2,4-decadienal have been observed to
cross-link human erythrocyte ghosts (Beppu et al, 1986).
The bifunctional aldehyde glutaraldehyde (OCH-(CH ) -CHO) is well known as across-linking
2

3

agent of proteins and is the most commonly used reagent for cross-linking the collagenous component
of many biomaterials. Cross-linking can increase the durability of these biomaterials.

The two

aldehyde groups of glutaraldehyde react with the protein’s free E-amino groups in lysine and
hydroxylysine residues (Cheung et al, 1985), resulting in the production of very stable inter- and
intramolecular cross-links.
Intermolecular cross-linking in collagen preparations is therefore expected to be increased, by
exposing them to either malondialdehyde, 2,4-hexadienal or glutaraldehyde. My aim, in the work
reported in this chapter was therefore to characterize, by various techniques, the structure of native
collagen and collagen which was modified with these reactive aldehydes in order to confirm that crosslinking does indeed occur, under the experimental conditions used, and also to assess quantitatively
the induced cross-linking.
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Collagen molecules comprise 3 similar or identical polypeptide a-chains which are parallel
and extend the length of the molecule. Type I collagen, which is the major collagen of skin, comprises
two a 1(1) chains together with one a l chain. However, type III collagen, the second most abundant
collagen in skin, comprises three al(III) chains. Collagen a chains twist around each other forming
a proteolytically and thermally stable triple helix (Piez, 1984).

However, circular dichroism

measurements show that the collagen type I triple helix displays a sharp transition to a random coil
conformation at 41.4°C, close to physiological temperature (Notbohm et al, 1992).
Collagen is widely used for the repair of skin defects and has a multiplicity of other medical
applications. Although collagenous biomaterials commonly arouse only a mild inflammatory reaction,
they are still recognized as "alien" and lead to degradation by host enzymes. Physical and chemical
cross-linking methods are therefore used to regulate the biodégradation rate of collagenous
biomaterials. Physical methods, such as exposure to short wave (254 nm) u.v. irradiation and severe
dehydration, have the advantage of not leaching monomers which may induce cytotoxicity, but they
generally yield a low density of cross-links (Weadock et al, 1984). Bifunctional aldehydes are often
used as chemical cross-linking reagents, glutaraldehyde being very efficient and most employed.
Glutaraldehyde was chosen by a number of investigators as a cross-linking agent for this reason and
also because the cross-linking of collagen by glutaraldehyde is well documented. However, tissue
culture studies have shown that collagenous materials cross-linked with glutaraldehyde exert a cytotoxic
effect (Cooke et al, 1983). The toxic effect increased with longer exposure period of the aldehyde
(Cooke et al, 1983), and could be explained by leaching of loosely or unbound aldehyde into the
surrounding medium. Since other aldehydes are known to cross-link collagen, I decided to study the
effect of malondialdehyde and hexadienal on collagen to determine whether cross-linking would occur
and also whether these reagents would be less cytotoxic and/or more efficient at supporting cell growth
and therefore more suitable as cross-linking agents for use in collagenous biomaterials.
In the next chapter, I will describe a number of cell spreading experiments designed to
examine whether cells spread to a greater or lesser extent on modified substrates. From the results
obtained from the work described in the present chapter and the next, I will be able to determine
whether an alteration in the extent of cell spreading occurs concomitantly with a change in collagen
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secondary structure, and also whether any alteration in the extent of cell spreading is related to the
degree of cross-linking.
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2.2 METHODS

2.2.1 Preparation of Malondialdehyde

Malondialdehyde (Aldrich Chemical Co. Ltd., Gillingham, Dorset) was prepared by hydrolysis
of the bisdimethyl acetal (1,1,3,3-tetramethoxypropane). 0.1 ml of this compound was added to 4.9
ml 0.1 M HCl and incubated for 20 minutes at 37°C. The solution was prepared immediately prior
to use.
The hydrolysis reaction is:

(CH3 0 )2-CH-CH2-CH(CH3 0 )2
1,1,3,3-tetramethoxypropane

2HzO +

OCH-CH -CHO
2

OCH-CH=CH-OH

malondialdehyde

2.2.2 Chemical Modification of Collagen

Calf skin collagen (predominantly type I) was dissolved in 0.15 M acetic acid and chemically
modified by incubation with either malondialdehyde, glutaraldehyde (Sigma Chemical Co., St. Louis,
USA) or 2,4-hexadienal (Aldrich Chemical Co. Ltd., Gillingham, Dorset) at 37® C for 20 hours. The
final collagen concentration was 50 pg/ml and the final concentration of reactive aldehyde was 50 mM.
The resultant solutions were dialyzed for 5-7 days.
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2.2.3 Fluorescamine Assay

Fluorescamine (4-phenyl spiro[fiiran-2 (3H) 1'phthalan]-3,3'dione) (Sigma Chemical Co., St.
Louis, USA) was used to determine the free amino groups in the treated and native collagen
preparations (Bôhlen et al, 1973). 2.1 ml borate buffer (pH 8.5) was added to a 0.2 ml collagen
sample (10 pg protein). These were mixed vigorously and, while still mixing, 0.2 ml fluorescamine
solution was added. After 2 minutes the fluorescence was read, using

= 390 nm, and X^^^ = 465

nm. A Perkin-Elmer MPF-44B fluorescence spectrophotometer, linked to a Zenon power supply was
used to measure the fluorescence. The machine was calibrated at X^ = 360 nm with a 1 pg/ml quinine
sulphate solution (Sigma Chemical Co., St. Louis, USA). All assays were carried out in triplicate.

2.2.4 Gel Electrophoresis

SDS gel electrophoresis relies upon comparing the unknown protein with standard proteins.
The detergent SDS denatures the protein molecules, changing them from globular, compact structures
to long, flexible polymers which are coated with detergent molecules. These polymers move in an
electric field through the gel medium with a velocity which is determined by the length of the
polymer, and therefore by the relative molecular mass of the protein unit. However, for collagenous
proteins electrophoretic mobility is better correlated with the number of polypeptide chain residues than
with molecular weight, since collagenous proteins behave anomalously on PAGE compared to globular
proteins.

2.2.4.1 Preparation of Samples

Collagen was dissolved in acetic acid and incubated with either 50 mM malondialdehyde,
hexadienal or glutaraldehyde to give a final protein concentration of 0.5 mg/ml. The incubations were
carried out at 37°C for 20 h, as previously described. A native collagen solution, at the same protein
concentration as the modified samples, was also prepared.
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2 % sodium dodecyl sulphate (SDS), 8 M urea, 0.05 % bromophenol blue, 0.1 %
dithiothreitol (DTT) and 100 ml 0.0625 M Tris-HCl (pH 6.8) were mixed to form a stock sample
buffer. The native and modified collagen solutions were added to sample buffer in a ratio of 1:2.
These samples were boiled at 100°C for 5 minutes. 10 pi high molecular weight markers (Biorad)
were added to 10 pi sample buffer and boiled for 5 minutes.

2.2.4.2 Gel Electrophoresis

Gels were prepared using a variation of the original method by Laemmli (Laemmli, 1970).
H O, 30 % acrylamide/bisacrylamide, separating gel buffer (0.375 M Tris-HCl, pH 8.8), 10 % SDS,
2

N,N,N/,N/-tetramethylethylenediamine (TEMED) and ammonium per sulphate were mixed.

The

ammonium sulphate was prepared immediately prior to use. The 5 % separating gel was poured,
overlaid with methanol and allowed to set for 30 minutes.
A 7 % stacking gel was prepared in the same way. Ammonium persulphate was added to
distilled water, 30 % acrylamide/bisacrylamide, stacking gel buffer (0.137 M Tris-HCl, pH 6.8), 10
% SDS and TEMED. The methanol was removed from the top of the separating gel and the gel
washed with water. A comb was inserted and the stacking gel poured. The gel was allowed to set
for one hour.
The comb was removed from the stacking gel. The sample slots were rinsed twice with
reservoir buffer (0.1 % SDS, 192 mM glycine, 25 mM Tris-HCl, pH 8.3). 40 pi samples were loaded.
20 pi high molecular weight marker solution was also loaded. Gels were run in a BioRad Mini
Protean ™II gel apparatus. During passage of the dye front through the stacking gel, the gel was run
at a constant 70 V. The voltage was increased to 100 V, as the dye front passed through the separating
gel.
The gel was silver stained using a variation of the method introduced by Merril (Merril et al,
1981). Following fixation, the gel was rinsed and then placed in an oxidizer solution for 15 minutes.
The gels were rinsed again and placed in a 0.1 % silver nitrate solution for 15 minutes. The gel was
rinsed and placed in developer until the required band intensity was achieved.
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2.2.5 Circular Dichroism (CD) Spectroscopic Analysis of Native and Modified Collagen

Circular dichroism is the difference in absorption of left and right circularly polarized light.
This is very sensitive to changes in conformation of the protein being analyzed. The dénaturation of
proteins can be studied, since the dénaturation causes CD changes. There is a loss of a and |3 structure
and an enhancement of the random coil spectral components.
Circular dichroism spectrometers consist of a light source, a monochromator to select a single
wavelength, a modulator to produce circularly polarized light, a sample compartment, a phototube to
detect transmitted light, and associated electronic components. The absorption of an optically active
sample depends on the polarization. The circular dichroism is proportional to the amplitude of the
alternating current.
Circular dichroism is reported as a difference in absorption, Eq. (1), or as an ellipticity (a

^

~

- Ar

(1 )

c'T

measure of the elliptical polarization of the emergent beam), Eq.(2), for a 1-molar solution, where e

Me = 3300A8

is the extinction coefficient, A is the absorbance [log

(2)

subscripts L and R indicate left and right

circular polarization, c' is the concentration in moles per litre, T is the path length in centimetres, I q
and I are the light intensities in the absence and presence of the sample, respectively, and Mq is the
molar ellipticity.
Native collagen and modified collagen solutions were prepared. All collagen solutions were
then scanned, at room temperature, from 190-260 nm with a Jasco J600 Spectropolarimeter flushed
with nitrogen. High precision single scan CD spectra were obtained with the J600 spectropolarimeter
using a spectral bandwidth of 2 nm and a 16 s time constant (2 nm/min) in 1 mm pathlength cells.

46
2.3 RESULTS

2.3.1 Fluorescamine Assays

Fluorescamine assays were performed to determine the quantity of free primary amino groups
in native and modified collagen samples, and thus indicate any structural change caused by the
modification of collagen.

2.3.1.1 The Effect of Reactive Aldehydes on Free Primary Amino Groups in Collagen

In unmodified type I collagen, the number of free primary amino groups, as determined by
the assay, was linearly related to the collagen concentration when the protein was present at a
concentration between 0 and 50 pg/ml (Figure 2.1). Appendix 1 shows the raw data.
The % free primary amino groups in collagen decreased as the malondialdehyde concentration,
to which it was exposed, was increased (Figure 2.2). A 50 % decrease in the number of free amino
groups was obtained at a malondialdehyde concentration of approximately 100 mM. Two way analysis
of variance showed that the effect of malondialdehyde concentration on % free primary amino groups
was significant (p = 0.0001).
A similar effect on the % free primary amino groups was achieved when 2,4-hexadienal was
used as the reactive aldehyde to modify collagen instead of malondialdehyde (Figure 2.2). An increase
in the concentration of 2,4-hexadienal caused a decrease in free primary amino groups. The hexadienal
concentration had to be approximately 50 mM before a 50 % decrease in amino groups could be seen.
The concentration of hexadienal had a significant effect on the loss of collagen amino groups (p =
0.001), as determined by two way analysis of variance.
The percentage of free primary amino groups in collagen decreased as the glutaraldehyde
concentration increased. This effect was shown to be significant by two way analysis of variance (p
= 0.0001). With glutaraldehyde, a 50 % decrease in the number of free collagen amino groups was
obtained at a concentration of approximately 40 mM (Figure 2.2).
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Figure 2.1
Relationship between Collagen Concentration and Free Primary Amino Groups as determined
by the Fluorescamine Assay

Fluorescamine solution was added to borate buffer containing the collagen sample. The
fluorescence, at

= 390 nm and

465 nm, was read after two minutes.

Figure 2.2
Effect of Reactive Aldehydes on the Number of Free Primary Amino Groups in Collagen

Collagen was modified with malondialdehyde (MDA) ( * ) , hexadienal (HDA) (O ) or
glutaraldehyde (OTA) (□ ). Fluorescamine solution was added to borate buffer, containing one of the
three modified collagen samples. The fluorescence, at
2 minutes.

= 390 nm and

= 465 nm, was read after
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At a concentration of 50 mM, all three reactive aldehydes caused a significant decrease in the
number of free primary collagen amino groups (p < 0.01). However, glutaraldehyde caused the
greatest loss in collagen amino groups and malondialdehyde the least.
The raw data can be seen in Appendices 2, 3 and 4.

2.3.2 Gel Electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed on native and aldehyde-treated
collagen samples to characterize and compare any structural differences between the samples.
Native collagen a and P chains ran normally. The P chains were dimers composed of two
a chains. There appeared to be approximately twice as much pi,l(I) as P 1,2(1). The collagen a2
chain had a higher electrophoretic mobility than the a l chain. A number of bands also appeared at
the top of the gel for y and Ô chains, corresponding to trimers of three a chains and even higher
relative molecular mass species (Fig. 2.3, Lane 1).
The reaction of malondialdehyde with collagen resulted in a very large increase of high
molecular mass chains (the y and Ôbands). These ran as one very broad band of lower electrophoretic
mobility than the separate and distinct sharp bands for native collagen. The p chains also ran as a
broad band instead of the sharp p chain bands of native collagen. The p chains of malondialdehydetreated collagen migrated approximately the same distance through the gel as the p chains of native,
untreated collagen. The modification of collagen with malondialdehyde significantly decreased the
number of low molecular weight a chains (Fig. 2.3, Lane 2).
Collagen which had been modified with hexadienal displayed an increase in higher molecular
weight chains, compared to those for native collagen. In the same way as malondialdehyde-treated
collagen, these chains ran as one band. However, the band was not as broad and had penetrated
slightly further into the gel than for collagen pretreated with malondialdehyde. The p chains of
hexadienal-treated collagen ran to approximately the same distance on the gel as both untreated
collagen and malondialdehyde-treated collagen. They ran as two sharp bands, but the P chain of
higher electrophoretic mobility was less intense than the comparable band for native collagen. The
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a chains migrated to the same position as those for native collagen, but were of a greatly reduced
intensity (Fig. 2.3, Lane 3).
The a, P and higher molecular weight chains of collagen which had been modified with
glutaraldehyde had the same electrophoretic mobility as the comparable chains in native collagen.
However, all of these bands were much less intense and the a chains had almost completely
disappeared. A significant amount of the glutaraldehyde-treated collagen had not managed to penetrate
far into the stacking gel and was unable to enter the separating gel (Fig. 2.3, Lane 4).
The increase in higher molecular weight species, together with a simultaneous decrease in the
lower molecular weight a chains, suggests that new cross-links are formed when collagen is reacted
with either malondialdehyde or hexadienal. Collagen reacted with glutaraldehyde resulted in an
extensive increase in relative molecular mass subunits, inferring that many new intermolecular cross
links were formed and that glutaraldehyde was more efficient at cross-linking collagen than
malondialdehyde or hexadienal.
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Figure 2.3
SDS Gel of Native and Modified Collagens

2 % SDS, 8 M urea, 0.05 % bromophenol blue, 0.1 % D IT and 100 ml 0.0625 M Tris-HCl
(pH 6.8) were mixed to form a sample buffer..

Solutions of collagen modified with either

malondialdehyde (Lane 2), hexadienal (Lane 3) or glutaraldehyde (Lane 4) were added to sample
buffer in a ratio of 1:2 and boiled. The samples were run on a 5 % separating gel and a 7 % stacking
gel. A native collagen solution (Lane 1) and Biorad high molecular weight markers were also run.
Protein bands were visualized by silver staining.
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2.3.3 Circular Dichroism Spectroscopic Analysis

Native and modified collagen solutions were prepared at a range of temperatures and
subsequently analyzed to determine whether the dénaturation temperature of the native collagen
samples occurred within the range of temperatures chosen and also whether modification of collagen
with a reactive aldehyde caused a change in its secondary structure.
Collagen was dissolved in 0.15 M acetic acid and incubated with either 50 mM
malondialdehyde, glutaraldehyde or hexadienal.

The solutions were incubated at a range of

temperatures; 35°C, 37®C, 38.5°C and 40°C. At each temperature, incubations were carried out for
20 hours. Native collagen solutions were also prepared to give a final collagen concentration of 50
pg/ml. These solutions were also incubated for 20 hours at the same temperatures as the modified
collagen samples. All solutions were dialyzed for 5-7 days.
The solutions were allowed to come to room temperature and the secondary structures of
native and modified collagen were studied by circular dichroism spectroscopy.
All CD spectra were reported as Ae = (E^ - Sr) (dm^ . mol ' . cm ') based upon a mean
molecular mass/amino acid residue.
The spectra shown in Figure 2.4 show that collagen prepared at 37°C adopted its
characteristic profile with a large negative trough and a smaller positive peak. This profile was also
maintained when the collagen was prepared at an incubation temperature of 35°C, 38.5°C or 40°C and
indicated no loss of secondary structure.
Collagen which was incubated at 37°C with hexadienal during preparation displayed a similar
profile to that of native, untreated collagen. The spectrum had a small positive peak and a larger
negative trough. Collagen, incubated with hexadienal at any temperature between 35"C and 40®C
during preparation, also displayed similar circular dichroism profiles (Fig. 2.5).
Malondialdehyde-treated collagen, incubated at either 35°C, 37°C or 38.5°C during
preparation, also adopted profiles with a small positive peak and a considerably larger negative trough
and therefore appeared to retain its secondary structure. However, the elimination of the positive
spectral peak was observed when collagen was modified with malondialdehyde at 40°C (Fig. 2.6),
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indicating a loss of secondary structure.
Collagen, which had been incubated with glutaraldehyde at 35°C, was the only glutaraldehydetreated collagen studied which showed both a large negative and a small positive peak and thus
retention of secondary structure. All of the glutaraldehyde-pretreated collagen samples prepared at
temperatures above 35°C (ie. 37®C, 38.5°C and 40°C) displayed a large negative trough, but had lost
the positive peak (Fig. 2.7), indicating that the secondary structure of these modified collagens had
been lost.
The temperature at which the collagen was incubated, during prepartion, (whether with a
reactive aldehyde or not), appeared to be crucial to the maintenance of collagen’s secondary structure.
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Figure 2.4
CD Spectra of Collagen Samples

Native collagen solutions were prepared to give a final protein concentration of 50 pg/ml.
These solutions were incubated for 20 hours at either 35®, 38,5® or 40®C for 20 hours. The solutions
were scanned, at room temperature, as described in the Methods section.
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Figure 2.5
CD Spectra of Hexadlenal-Treated Collagen Samples

Collagen was incubated with 50 mM hexadienal at either 35®, 37®, 38.5® or 40®C for 20
hours. As described in the Methods section, the solutions were scanned at room temperature.
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Figure 2.6
CD Spectra of Malondialdehyde-Treated Collagen Samples

Collagen was incubated with 50 mM malondialdehyde at either 35°, 38,5° or 40°C for 20
hours. The solutions were scanned as described in the Methods section.
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Figure 2.7
CD Spectra of GIutaraldehyde-Treated Collagen Samples

Collagen was incubated with 50 mM glutaraldehyde at either 35°, 37°, 38.5° or 40°C for 20
hours. The solutions were scanned, at room temperature, as described in the Methods section.
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2.4 DISCUSSION

Fluorescamine is a heterocyclic dione which reacts with primary amines to form a fluorescent
product:

+ RNHj

COOH

fluorescamine

fluorescent product

Therefore, in the fluorescamine assay, the fluorescence is proportional to the number of free
amine groups present. Any free NHj yields a non-fluorescent product. The reaction was carried out
at pH 8.5 in order to suppress ionization of the amine groups.
In my experiments, the number of free primary amino groups in native collagen, observed in
the assay, was directly proportional to collagen concentration. Therefore, the assay was reliable and
the fluorescence measured allowed any change in the number of free primary amino groups to be
detected over the collagen concentration range studied of 0-50 pg protein/ml.
When collagen was modified with malondialdehyde, hexadienal or glutaraldehyde, a loss in
free primary amino groups was observed. This suggests that these aldehydes reacted with collagen to
form new cross-linkages, since both glutaraldehyde and malondialdehyde have been shown to react
with collagen’s amino groups upon cross-linking (Cheung et a/., 1985; Davidkova et ai, 1975) and
hexadienal has been shown to react with amino groups of the protein bovine serum albumin to give
cross-linked products (Fletcher & Tappel, 1971). It seems likely that hexadienal cross-links collagen
in a similar fashion, as it does albumin.
The loss of collagen amino groups which 1 observed, was dependent on the concentration
of reactive aldehyde.

Although all agents, at a concentration of 50 mM, caused a statistically
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significant (p < 0.01) decrease in the number of free primary amino groups, glutaraldehyde caused the
greatest loss in collagen amino groups and malondialdehyde the least. Since glutaraldehyde reacts
primarily with lysine residues in native fibrillar collagen during the formation of intermolecular cross
links (Cheung & Nimni, 1982; McPherson et al, 1986), these results suggest that the three aldehydes
cross-link to different degrees. Glutaraldehyde was able to produce most cross-links when reacted with
collagen, hexadienal fewer and malondialdehyde the least. In early studies, it has been shown that
glutaraldehyde was the most efficient cross-linking agent of those tested; acrolein, formaldehyde,
glyoxal, malondialdehyde, succinic dialdehyde and adipic dialdehyde (Bowes, 1963). Glutaraldehyde
introduced between 7 and 12 cross-links per unit molecular weight of 10\ depending on pH, whereas
malondialdehyde introduced only 4. The mechanism for glutaraldehyde’s superior ability may be due
to the stability of the cross-link and the bond energy associated with the cross-link (Weadock et al,
1984).
A mechanism for the cross-linking of glutaraldehyde and other bifunctional aldehydes
involving amino groups on lysine residues is as follows:

0HC-(CH2)3-CH0

+

glutaraldehyde

CH-(CH2)3-CH
II

II

N

N

I

I

X

V

+

NHj

+

NH;

I

I

X

Y

2 H 2O

(Cheung & Nimni, 1982)

Glutaraldehyde has been shown to react with the free amino groups on proteins and
polymerizes, yielding cross-links which are able to span the distance between two molecules (Cheung
& Nimni, 1982).
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Chio and Tappel (1969a, b) suggested that malondialdehyde can cross-link in a similar fashion
via the epsilon-amino groups of lysine to form a Schiff s base as follows:

OCH-CH -CHO +

NH -X

2

2

---- ^ 0CH-CH2-C=N-Lys

+

HO
2

I

Malondialdehyde

Lysine amino

H

group)

(Schiff s base)

+ NH -Y
2

X-N=C-CH2-C=N-Y +
I

I

H

H

HO
2

Another mechanism for the cross-linking of malondialdehyde with collagen has been shown
to form an amino-iminopropene (Chio & Tappel, 1969a):

OCH-CH -CHO
2

+

X-NH

2

+

Y-NH

+

2

2

malondialdehyde

X-NH-CH=CH-CH=N-Y

HO
2

amino-iminopropene

The mechanism for the cross-linking of collagen with monofunctional aldehydes is not well
understood. There are a number of possible mechanisms.
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A possible mechanism for cross-linking involving 2,4-hexadienal is as follows:

NH

CH3-CH=CH-CH=CH-CH0

2,4-hexadienal

+

2

I

X

Y

CH3-CH-CH2-CH=CH-CH
I

II

NH

N

I

I

X

Y

NH

I

2

HO
2

Another possible mechanism for cross-linking involving 2,4-hexadienal:

CH,-CH=CH-CH=CH-CHO

NH

2,4-hexadienal

NH

2

I

I

X

Y

2

1
H
I

CH3-CH=CH-CH=CH-C-NHX

+

H ,0

I

NHY

This type of reaction also occurs with formaldehyde.
Possible reaction between 2,4-hexadienal and protein:

C H 3 -C H = C H -C H = C H -C H 0

+

N H 2X

—

^

C H 3 -C H = C H -C H = C H -C H

+

H 20

II

(Analogous Schiff s base)

NX

In the present work, the native collagen molecule comprised a and P chains. The a chains.
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however, had apparently higher relative molecular masses than the expected true value o f96,000. This
could be due to the fact that collagen contains approximately 26 % more residues per unit molecular
weight than the standard proteins (Butkowski et ai, 1982). However, both the a l and a l chains have
true MfS of 96,000, but, the a2 chain ran further than a l. This difference in electrophoretic mobility
could occur due to restricted rotation of polypeptide chains about imino acid residues resulting in
localized conformation effects (Furthmayr & Timpl, 1971). The a 1(1) and a2(l) chains differ in
amino acid composition and therefore bind SDS to varying extents. For this reason, they are separated
on SDS gels by charge: mass differences (Kubo & Tagaki, 1984). Other minor components, in
addition to the major ones, which migrate further than the a chains are visible on silver-stained SDS
gels. These could originate from nicking of the collagen molecules during the pepsin digestion
involved in its preparation (McPherson et al., 1985).
Davidkova (1973) observed that the reaction of malondialdehyde with collagen entailed the
formation of new cross-linkages. From my results of polyacrylamide gel electrophoresis it appears that
the reaction of malondialdehyde or hexadienal with collagen involved a decrease in the lower
molecular weight a chains, together with a simultaneous increase of dimer (3 and also much higher
molecular weight y and Ô chains. The increase in higher molecular weight species suggests that new
cross-links are formed when collagen is reacted with either malondialdehyde or hexadienal. However,
since the intensities of the y and Ô bands were greater for malondialdehyde-treated collagen than
hexadienal-treated collagen, it appears that more trimers were present.

Malondialdehyde-treated

collagen had a blurred, broad (3 band (as Davidkova also observed), but hexadienal-treated collagen
had 2 sharp bands. This implies that the reaction of malondialdehyde with collagen resulted in a
greater degree of fragmentation of the (3 chains than the reaction of hexadienal with collagen.
The reaction of glutaraldehyde with collagen resulted in the almost complete loss of any a,
(3 or higher molecular weight chains. The relative molecular masses of the sample chains were very
high, since very little could enter the stacking gel and less was able to penetrate the separating gel.
This shows that the collagen fibrils were essentially insoluble, even under the extreme conditions of
electrophoresis. This extensive increase in relative molecular mass of the sample subunits infers the
formation of many new intermolecular cross-links between the component chains, which make them
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very resistant to solubilization and disruption.
It appears, from my results, that all three of the reactive aldehydes ie. malondialdehyde,
hexadienal and glutaraldehyde, can act as cross-linking agents, to produce an increase in the number
of intermolecular cross-links of collagen preparations. However, glutaraldehyde seems to be the most
efficient.

Indeed, glutaraldehyde is the most commonly used reagent employed to cross-link

collagenous biomaterials. For example, Leonard and co-workers have used glutaraldehyde cross-linked
bovine collagen to correct vesicoureteral reflux (Leonard et al, 1990).
The incubation temperature of collagen during preparation, either in the presence or absence
of reactive aldehyde, played a crucial role in the maintenance or loss of protein secondary structure.
50 % dénaturation is shown by tropocollagen at 39°C and 50 % dénaturation in the intact fibre at 65°C
(Stryer, 1975). Notbohm and co-workers (1992) showed that collagen has a dénaturation temperature
of 41°C. My circular dichroism results, which indicated no loss of collagen secondary structure, when
it was prepared at any temperature between 35°C and 40°C, are consistent with those of Notbohm.
This indicates that collagen (in water and acid) at physiological temperature adopted a 3, helix
structure. Collagen maintained its 3, helix structure when it was prepared at an incubation temperature
of either 35°C, 38.5° or 40°C. The collagen triple helix was treated theoretically by Pysh (1967).
In my experiments, collagen, pretreated with glutaraldehyde at 35°C appeared to retain its 3,
helix structure, since the spectrum showed both a negative and positive peak. However, at all
incubation temperatures above this, the secondary structure seemed to be lost. This agrees with work
carried out by Lenard and Singer (1968) who showed by circular dichroism that, in a variety of
proteins, glutaraldehyde induced a loss of 20-30 % of their helical structure. Since I observed that
cross-linking at 37°C appeared to be most extensive in glutaraldehyde-treated collagen, and
glutaraldehyde also caused the greatest loss of collagen amino groups, it seems likely that
glutaraldehyde-treated collagen underwent the greatest structural modification.

This could have

resulted in torsion of the molecule and account for the loss of secondary structure observed in my
experiments. Although the cross-links were strong, the other bonds became relatively easy to break,
either because they were more exposed due to the conformation change of the molecule or because
they were weaker due to increased pressure on the bonds caused by the conformation change. The loss
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of secondary structure in collagen was irreversible.
The addition of hexadienal to collagen did not seem to cause a loss of secondary structure in
the molecule, when the solutions were incubated at any temperature between 35°C and 40°C, during
preparation. However, I showed, by electrophoresis, that hexadienal is able to induce at 37°C less
cross-linking than glutaraldehyde and also a smaller loss of amino groups upon reaction with collagen.
However, the structural change associated with the reaction between hexadienal and collagen did not
appear to result in any weakening of any bonds.
Incubation of malondialdehyde with collagen at 35°C, 37°C or 38.5°C did not appear to cause
a loss of secondary structure in my studies. However, a loss of secondary structure was observed when
collagen was modified with malondialdehyde at 40°C. Malondialdehyde caused the smallest loss of
amino groups on reaction with collagen at an incubation temperature of 37°C.

However, a

conformation change was observed, which could have resulted in weakening some, if not all, molecular
bonds at 37°C. As the incubation temperature was raised the bonds were further weakened, resulting
in a loss of secondary structure at 40°C.
It therefore appears that the reactive aldehydes, malondialdehyde, hexadienal and
glutaraldehyde, are all capable of chemically modifying collagen. However, the incubation of collagen
with each aldehyde resulted in varying degrees of modification. In the next chapter, I will describe
various cell spreading experiments which investigate whether the extent of cell spreading on aldehydetreated collagen is related to the degree of chemical modification.
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CHAPTER 3 : CELL SPREADING ON UNMODIFIED AND MODIFIED COLLAGEN

3.1 INTRODUCTION

Collagen is a major constituent of the extracellular matrix in vivo. It is known to act as a
substratum for cells in tissue and regulate many cell activities including adhesion, morphology, growth
and differentiation. The function and morphology of fibroblasts have been shown to be influenced by
the extracellular matrix (Kleinman et ai, 1981). Type 1 collagen is the natural substratum for
fibroblasts in vivo (Kleinman et ai, 1981).
The attachment and growth of anchorage-dependent cells such as fibroblasts, is a multistep
process that involves cell contact with the substrate, spreading and replication. Cell attachment has
been shown to be a very important process (Vasiliev, 1985), since fibroblasts cannot spread until after
they are attached. Cell attachment of cells to their substratum is passive, but spreading is an active
process (Grinnell, 1978).

Cells attach initially with a rounded shape, and then spread radially,

characterized by circumferential actin organization. This involves the reorganization of the cell’s
cytoskeleton and a change of morphology, resulting in the projection of filopodia.

With time,

polarized cell spreading occurs characterized by the formation of focal adhesion plaques and stress
fibres (Grinnell, 1978). Cell attachment and spreading has been shown to be dependent on a number
of incubation conditions, including temperature (Klebe, 1975).
Human fibroblasts, a cell strain of limited lifespan (Hayflick & Moorhead, 1961), attach and
spread on tissue culture plastic or denatured collagen substrata without the addition of other factors
such as fibronectin (Grinnell & Minter, 1978). They secrete sufficient fibronectin to spread on tissue
culture substrata or dried collagen gels in the absence of added fibronectin (Grinnell & Feld, 1979).
Cell lines (unlimited lifespan) such as 3T3 fibroblasts, however, generally require cold insoluble
globulin (CIG) (plasma form of fibronectin) to be previously adsorbed onto the substratum (tissue
culture plastic or denatured collagen substrata) for the cells to spread (Grinnell & Hays, 1978).
Collagen matrices can be prepared in a variety of forms for cell culture. For example, dishes
can be coated with collagen. The collagen substrate will have a low pH, since the dissolution of
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collagen in acetic acid during preparation is required. If the pH is adjusted to physiological pH, the
collagen comes out of solution and a gel forms (Bell et ai, 1981b), This gel forms the basis of a
"living skin equivalent", which can be used as a three dimensional substrate for cell grovyth (Bell et

ai, 1981b), However, the effect of any pH variation of the substrate, although within an acidic range,
on cell spreading has not previously been studied. The density of collagen in the substrate film may
also influence the extent of cell spreading.
Fibroblasts, and their interactions with collagen, play important roles in wound healing.
Native collagen fibrils are stabilized by lysine-derived intermolecular cross-links, which are formed
by a mechanism that involves the formation of aldehydes from lysine and hydroxylysine side-chains.
Additional cross-links can, however, be introduced into collagen by a number of reagents including
aldehydes, isocyanates, alkyl and aryl halides, imidoesters, carbodiimides, N-substituted maleimides
and acylating compounds (Wold, 1972), It has been reported that cell spreading was enhanced in skin
fibroblasts that were cultured on a collagen gel in which the intermolecular cross-linking had been
increased by incubation in vitro (Nishikawa et ai, 1987),
It might therefore be expected that cell spreading on my modified collagen preparations would
be enhanced compared to cell spreading on native, untreated collagen. Previous studies have shovm
that the spreading of 3T3 mouse fibroblasts on films of malondialdehyde-treated collagen was
enhanced, by comparison with spreading on native collagen, and that the modified substrate was
substantially cross-linked by the aldehyde (Davies et ai, unpublished work).
The spreading response of both 3T3 and human skin fibroblasts on aldehyde-treated collagens
will be studied: 3T3 fibroblasts will be studied since some data already exists (Davies et ai,
unpublished work) and human skin fibroblasts since these could be assumed to be more representative
than 3T3 cells of the behaviour of human skin fibroblasts in contact with modified collagens in vivo.
The technique of immunofluorescence microscopy will be employed to characterize the
distribution of various cytoskeletal components (actin, a-actinin, vinculin and vimentin) during the
fibroblast spreading process. Extracellular matrix molecules have previously been shown to bind to
integrins on the cell surface which connect with actin microfilaments within the cell, resulting in cell
shape changes (Hynes, 1987; Ruoslahti & Pierschbacher, 1987), Since vinculin and a-actinin are
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actin-binding proteins which interlink integrins with microfilaments it is expected that their
distributions change during spreading. Vimentin, an intermediate filament, will also be studied.
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3.2 METHODS

3.2.1 Cell Culture

Human fibroblast cultures were established from the outgrowth of skin biopsies obtained from
healthy volunteers. The human fibroblasts were kindly provided by Ms. T. Slade (Guy’s Hospital,
London). A cell line of 3T3 fibroblasts from Swiss mouse embryos were also used. All cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Life Technologies Limited,
Uxbridge, Middlesex), supplemented with glutamine (4 mM), penicillin and streptomycin (200 lU)
(Flow Laboratories, Irvine, Scotland) and 10 % foetal calf serum (Gibco, Life Technologies Limited,
Uxbridge, Middlesex). They were grown on plastic tissue culture dishes (Lux) in an IR 500 Automatic
CO; Incubator (Flow Laboratories, Irvine, Scotland), providing a moist atmosphere of 9.2 % CO; at
37°C.
Confluent monolayers were passaged by trypsinization (0.05 % trypsin and 0.02 % EDTA in
Special Salt Solution) (Flow Laboratories, Irvine, Scotland). All cells were used before passage
number 15, and were grown to near confluency prior to each spreading experiment.
Cells were frozen, for storage, in freezing media containing 10 % DMSO, which prevents the
formation of ice-crystals in the cells, that would result in damage to the intracellular organelles
(McIntyre et al, 1974). The freezing media also contained 20 % foetal calf serum instead of the
normal 10 %. Cells were lowered into liquid nitrogen at a rate of I®C per minute and stored till
required.

3.2.2 Preparation of Collagen Solution

Calf skin collagen (Calbiochem Novabiochem (UK) LTD., Nottingham) was dissolved in 0.15
M acetic acid, providing a stock solution of 100 pg protein/ml. Distilled water was added to give a
final collagen concentration of 50 pg/ml. The collagen solution was incubated at 37°C for 20 hours.
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3.2.3 Preparation of Malondialdehyde

Malondialdehyde (Aldrich Chemical Co. Ltd., Gillingham, Dorset) was prepared by hydrolysis
of the bisdimethyl acetal (tetramethoxypropane). 0.1 ml of this compound was added to 4.9 ml 0.1
M HCl and incubated for 20 minutes at 37°C. The solution was prepared immediately prior to use.

3.2.4 Chemical Modification of Collagen

Calf skin collagen was dissolved in 0.15 M acetic acid and chemically modified by incubation
with either malondialdehyde, glutaraldehyde (Sigma Chemical Co., St. Louis, USA) or 2,4-hexadienal
(Aldrich Chemical Co. Ltd., Gillingham, Dorset) at 37° C for 20 hours.

The final collagen

concentration was 50 pg/ml and the final concentration of reactive aldehyde was 50 mM.

The

resultant solutions were dialyzed for 5-7 days.

3.2.5 Cell Spreading Experiments

3T3 fibroblasts were used in cell spreading experiments as indicated. The response of freshly
isolated human skin fibroblasts was, however, examined in every experiment carried out to determine
optimal conditions for cell spreading, since the spreading of these cells might be presumed to give a
more faithful guide than 3T3 fibroblasts to the behaviour of human skin fibroblasts in contact with
collagen in vivo.
Human skin and 3T3 fibroblasts were washed with PBS and trypsinized with trypsin-EDTA.
They were resuspended in serum-free media (unless otherwise specified) and centrifuged for 10
minutes at 100 x g. The supernatant was discarded and the fibroblasts again resuspended in serum-free
culture media. Cells were counted using a haemocytometer and diluted accordingly to give a cell
concentration of approximately 2.5 xlO'* cells/ml.
10-well multi-test slides (Flow Laboratories, frvine, Scotland) were washed in phosphate-free
detergent, rinsed thoroughly in many changes of distilled water and allowed to dry prior to use. 50
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ni cell suspension was aliquotted into each slide well and incubated for 100 minutes at 37°C in an
atmosphere of 9.2 % CO; (unless otherwise indicated). Cells were then fixed in a 1 in 10 solution of
25 % glutaraldehyde (Sigma Chemical Co., St. Louis, USA) in 0.1 M sodium cacodylate buffer for
a minimum of 40 minutes. The cells were then washed with 0.1 M sodium cacodylate buffer, and
after washing, either a 0.1 % Coomassie blue solution (Sigma Chemical Co., St. Louis, USA) was used
to stain the cells for approximately 15 min or acid flichsin stain was used to stain overnight.
Coomassie Blue was made up in a 50:50:7 solution of ethanol, distilled water and glacial acetic acid;
the acid fuchsin was made up in acidified water (approximately one drop of concentrated HCl to 30
ml distilled water). Cells stained with Coomassie blue were washed in a 50:50:7 solution of methanol,
distilled water and acetic acid. Cells stained with acid fuchsin were destained with acidified water.
The slides were then mounted in "Aquamount" (BDH Limited, Poole, England).

3.2.6 Analysis of Cell Area and Form Factor

Cells were studied with a light microscope (Leitz Orthoplan), interfaced through a video
camera (Hitachi DK81) to an image analysis system (Kontron MOPl videoplan) (Brown et al, 1990).
The outlines of the cells were traced with a digitizing tablet.

100 randomly selected cells were

measured in each sample. Area and form factor, which is a measure of a cell’s circularity, were
computed automatically. Form factor was calculated whereby:
circle =1.0
ellipse = < 1.0
irregular structures < 1.0
The formula for form factor is:
471 y^area
perimeter

Areas were measured in the form of cell areas (pm^) and also converted to geometric mean
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cell areas (|im^) by the Kontron system. Geometric mean cell area is derived logarithmically from cell
area. It is more accurate when studying the area of spreading cells, since the cells grow in geometric
progression. For this reason, geometric mean cell areas will be quoted. The experimental data
obtained are shown in the Appendices to the thesis.
From the data obtained, the system was able to carry out statistical analysis for all the
samples.

3.2.7 Statistical Analysis

Statistical analyses were undertaken using either the Mann-Whitney test, two sample Student’s
"t" test, or analysis of variance.
The statistics were calculated using non-parametric methods, since the distributions are not
normal. The frequency distributions of a population of spreading cells were positively skewed and
were therefore compared using a Mann-Whitney U test (Minitab: Data analysis computer programme),
which is sensitive to shifts in location. Two sample t tests (Minitab) were performed on experimental
data to compare two populations. Two way analysis of variance (Minitab) was used to study the effect
of various parameters on a cell population.
Linear regression analysis, including the calculation of

was performed as a measure of

correlation (Lotus 123: Data analysis computer programme).

3.2.8 Immunofluorescent Microscopic Analysis of the Effect of Modified Collagen on Cell
Spreading

3.2.8.1 Immunofluorescent Staining of Vimentin

Monoclonal anti-vimentin (DAKO), was diluted 1 in 600 with PBS. 50 pi was applied to
each slide-well and allowed to incubate at room temperature for one hour. The slide was washed in
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a number of changes of PBS for 15 minutes.
The second antibody, fluorescent rhodamine-conjugated rabbit immunoglobulins to mouse
immunoglobulins (DAKO), was diluted 1 in 40 with PBS. 50 ^1 were applied to each well and
incubated at room temperature for 30 minutes, then washed, as before, in PBS.

3.2.5.2 Immunofluorescent Staining of Vinculin

Monoclonal anti-vinculin (Sigma Chemical Co., St. Louis, USA), was diluted 1 in 100 with
PBS. 50 pi was applied to each slide-well and incubated at room temperature for sixty minutes. The
slide was rinsed in the supplemented PBS for five minutes three times.
A second antibody, fluorescent rhodamine-conjugated rabbit immunoglobulins to mouse
immunoglobulins (DAKO), was diluted 1 in 40 with the supplemented PBS and 50 pi applied to each
well. After 20 minutes the slides were washed as before.

3.2.5.3 Immunofluorescent Staining of Actin

Anti-actin (Sigma Chemical Co., St. Louis, USA) was diluted 1 in 40 with PBS and 50 pi
applied to each well. After one hour the slide was washed as described for staining with anti-vinculin.
The second antibody, fluorescent rhodamine-conjugated swine immunoglobulins to rabbit
immunoglobulins (DAKO), was diluted 1 in 40, applied to the wells, allowed to incubate as in 3.2.5.3.
Washing was then carried out as previously.

3.2.5.4 Immunofluorescent Staining of a-Actinin

The first antibody, anti-a-actinin (Sigma Chemical Co., St. Louis, USA), was diluted 1 in 500
with PBS. The staining procedure was then carried out in the same way as for actin (3.2.5.4).
On each slide, one well was reserved as a control. The second antibody only, in each case,
was applied and the slide then washed as described: the first antibody was not applied.
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All slides were mounted in citifluor and the cells were examined using a Nikon ELWD 0.3
microscope and photographs taken with a Nikon FE2 35 mm camera.
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3.3 RESULTS

3.3.1 A Time Course of Cell Spreading

A time course of human skin fibroblast spreading was carried out to study changes of cell area
and shape which occur during cell spreading.
Two cell spreading experiments on glass were performed: one with 10 % serum in the
medium and one in the absence of serum. Cells were fixed after various time periods: 15, 30, 60 and
90 minutes. After staining, the cells’ areas and form factors were measured using the image analysis
system previously described.
In both serum-containing and serum-free conditions, human skin fibroblasts spread on glass
with time ie. they changed with respect to area and morphology. Initially, the majority of the cells
had a small area of < 400 pm^ (Figures 3.1 & 3.2). With time, the cells increased in cell area.
However, the cells allowed to spread in medium containing PCS spread to a greater extent than those
cells allowed to spread in serum-free conditions and, after 90 minutes, cells in serum-containing media
had significantly larger cell areas (p < 0.05) than cells in serum-free medium.
Initially, most cells had a form factor approaching 1.0 (Figures 3.3 & 3.4). A form factor
of 1.0 indicates that a cell is perfectly circular. Cells with a form factor of > 0.60 can be regarded
as showing radial spreading, or are unspread. As cell spreading proceeded, the form factors of the
cells decreased. At 90 minutes post-plating, the majority of cells had a form factor below 0.5,
indicating irregular spreading.
The raw data can be seen in Appendix 5.

3.3.2 The Effect of Serum on Cell Spreading

This experiment was performed in order to study the effect of serum on the extent of human
skin fibroblast spreading.
A cell spreading experiment was carried out on glass as previously described. However, after
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Figure 3.1
Effect o f Time on Cell Spreading

Human skin fibroblasts, were plated at a density of 2.5 x 10'* cells/ml and were allowed to
spread in serum-free conditions. They were then fixed at various time periods: 15, 30, 60 and 90
minutes and stained. Cell area was measured by image analysis.

Figure 3.2
Time Course of Cell Spreading in the Presence of 10 % Serum

Human fibroblast cells were plated at a density of 2.5 x 10'‘ cells/ml and were allowed to
spread for 15, 30, 60 and 90 minutes. The cells were then fixed and stained.
Cell area was measured by image analysis.

16 minutes
SO minutes

60

60 minutes
40

GOminutes

20

p

jea.
p

Cell area (i/m ^)
RgureS.I

15 minutes

1

i

30 minutes

60

60 minutes
40

90 minutes

20

..........

Cell area (r/m^)

Flours 3.2

75

Figure 3.3
Effect of Time on Form Factor in Serum-Free Conditions

Human skin fibroblasts were allowed to spread for 15 (— ), 30 (---)> 60 (•••••) or 90 (--)
minutes and were plated at a density of 2.5 x lO'^ cells/ml.
Form factor is a measure of a cell’s circularity.

Figure 3.4
Effect of Time on Cell Spreading in the Presence of 10 % Serum

Human fibroblast cells were plated at a density of 2.5 x lO'' cells/ml and were allowed to
spread for various time periods: 15, 30, 60 and 90 minutes.
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trypsinization, 50 % of the fibroblasts were resuspended in serum-containing medium and 50 % in
serum-ffee medium. Image analysis was performed on the fixed and stained cells.
Skin fibroblasts, incubated for various time periods ranging from 15 to 90 minutes and
allowed to spread in the presence of 10 % serum, exhibited a significantly increased rate of spreading,
when compared to cell spreading in a serum-ffee culture medium (p = 0.001) (Figure 3.5).
Two way analysis of variance showed that the effect of time on the spreading of the
fibroblasts in serum-containing conditions was significant (p = 0.0030), and R^q = 0.99. Cells allowed
to spread in the absence of serum displayed a similar effect. Two way analysis of variance showed
that the effect of time on the spreading of human skin fibroblasts, in serum-ffee conditions, was
significant (p = 0.0200), and R^q = 0.96.
A statistical comparison of the two graph lines (Figure 3.5) showed a significant difference
in respect of slope (p = 0.001), indicating that cell spreading in the presence of serum was significantly
enhanced, by comparison to cell spreading in serum-fi’ee conditions.
The raw data are shown in Appendix 5.

3.3.3 The Effect of the Density of Collagen on Cell Spreading

Cell spreading on various densities of collagen was studied at three different time periods: 100
min, 200 min and 68 h, using human skin fibroblasts in a serum-ffee medium. The time points were
chosen in order to assess when, after plating, cell spreading had proceeded to an appropriate degree
for cell area measurement, and also whether the density of collagen affected the cell spreading process
with time.
Two different human fibroblast cell strains were used for the study of cell spreading for 200
minutes and 68 hours. DU and KY refer to these cell strains.
Calf skin collagen (Calbiochem Novabiochem (UK) LTD., Nottingham) was dissolved in 0.15
M acetic acid, providing a stock solution of 100 pg protein/ml. Distilled water was added to give a
final collagen concentration of 50 pg/ml. The collagen solution was incubated at 37°C for 20 hours.
Various quantities of the incubated collagen solution were airdried onto glass slides in order to provide
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Figure 3.5
Effect of Time on Cell Area

Human skin fibroblasts were plated at a density of 2.5 x lO'* cells/ml and were allowed to
spread in the presence of either 10 % serum (—) or in serum-free (••••) conditions. The fibroblasts
were fixed at various time intervals and stained.

Figure 3.6
Effect of the Density of Collagen On Cell Area

Slides were coated with collagen solutions that ranged in density from 0 to 42 pg/cm^.
Human skin fibroblasts (DU) were plated at a density of 2.5 x 10'* cells/ml and were allowed to spread
for 100 minutes in serum-free conditions.
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substrates for the cells at varying collagen densities. A cell spreading experiment was carried out
under the conditions described previously. Cells were also fixed at 200 minutes and 68 hours, as well
as the standard 100 minutes, stained and measured by image analysis. The raw data are shown in
Appendices 6, 7 and 8.
After 100 minutes, cell spreading was greater on collagen than on uncoated glass slides ie.
0 pg/cm^ collagen (Figure 3.6). The optimal collagen density of cell spreading appeared to be within
the range 18-30 pg/cm^. However, there was little difference in cell spreading within this range (p
>0.5): the greatest enhancement in spreading on a collagen substrate was only 7 %, relative to cell
spreading on glass. Human skin fibroblasts did not spread well on glass in serum-free conditions, with
the geometric mean cell areas remaining low.
Two preparations of freshly isolated human fibroblasts were used to study cell spreading for
200 minutes on various collagen densities (Figures 3.7 & 3.8). Like cells allowed to spread for 100
minutes, cells allowed to spread for 200 minutes also exhibited enhanced cell spreading on collagen,
irrespective of density, compared with uncoated glass. 24 pg/cm^ was the optimal density of collagen:
spreading was 49 % greater (p = 0.000) for one cell strain and 109 % (p = 0.000) greater for the other,
than on uncoated glass. Cell spreading on collagen, at a density of 24 pg/cm^, was also significantly
greater than on any of the other collagen densities (p < 0.5) for one cell strain (DU), but not for the
second cell strain (KY).

These experiments show that the extent of cell spreading on collagen

increased above 0 pg/cm^, was optimal at 24 pg/cm^ and then decreased at higher densities. The same
two cell strains employed to study spreading for 200 minutes were also used to study cell spreading
for 68 hours. At the collagen densities studied, most of the cells were too polarized ie. had acquired
an elongated or stellar shape, to allow an accurate cell measurement. However, cells allowed to spread
on glass did not spread to such a great extent and did not become as polarized.
Cell spreading had proceeded to an appropriate degree 100 minutes after plating. 100 minutes
is also a relatively short time. Since there are other steps involved in a cell spreading experiment, this
time period allows a suitable, stable stage to be reached in one day. For these reasons, it was decided
to allow cells, in future experiments, to spread for 100 minutes.
Cells allowed to spread for 100 minutes were not significantly affected by collagen densities
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Figure 3.7
Effect of the Density of Collagen on the Areas of Cells Allowed to Spread for 200 Minutes

Human fibroblasts (DU) were plated at a density of 2.5 x 10'* cells/ml and were allowed to
spread on collagen that ranged in density from 0 pg/cm^ to 48 pg/cm^.

Figure 3.8
Effect of the Density of Collagen on the Areas of Cells Allowed to Spread for 200 Minutes

Human fibroblast (KY) cells were allowed to spread for 200 minutes on collagen at densities
that range from 0 pg/cm^ to 48 pg/cm^. The cells were plated at a density of 2.5 x lO'* cells/ml.
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above G p.g/cm^ and up to 48 pg/cm^. It was decided that all collagen substrates, both native and
modified, in future experiments would have a collagen density of 5 pg/cm^, since this would incur less
expense than preparing substrates at higher collagen densities,

3.3.4 The Effect of Substrate Drying Rate on Cell Spreading

A cell spreading experiment involving human skin fibroblasts was performed, as a cell
spreading control, to determine whether the rate of slide-drying affects the extent of cell spreading.
Solutions of collagen modified with the reactive aldehyde, malondialdehyde, were prepared.
Native collagen solutions were also prepared. These solutions were aliquotted onto clean glass slides.
Half of the slides were allowed to dry in a rapid air flow within a fume-cupboard: the other half were
dried on a bench, in a slower airflow. A cell spreading experiment was carried out under standard
conditions, after which the cells were fixed and stained. Image analysis then allowed measurements
of the cells’ areas and form factors to be made. Appendix 9 shows the raw data.
The cell spreading on collagen modified with malondialdehyde was significantly enhanced,
by comparison with spreading on a native collagen substrate for substrates which were airdried at
either a slow (p = 0.079) or faster rate (p = 0.036) (Table 3.1). The enhancement in cell spreading
exhibited by cells on collagen which had been modified with malondialdehyde was approximately 30
%. Cell spreading on the slides which were dried at a faster rate, was slightly less than on slides
allowed to dry more slowly, although this was not statistically significant for either a native collagen
(p = 0.258) or a malondialdehyde-treated collagen substrate (p = 0.325).
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Table 3.1
The Effect of Substrate Drying Rate on Human Fibroblast Cell Spreading

Substrate

Geometric mean cell area
(pm^) ± S.D.

Collagen: Slow drying rate

402 ± 13

Malondialdehyde-treated collagen: Slow drying rate

528 ± 52

Collagen: Fast drying rate

381 ± 13

Malondialdehyde-treated collagen: Fast drying rate

476 ± 23

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.

3.3.5 The Effect of Gelatin on Cell Spreading

This experiment was performed to determine whether 3T3 fibroblasts are able to spread on
gelatin (denatured collagen).
A 2 % stock gelatin solution (Sigma Chemical Co., St.Louis, USA) was warmed and diluted
to provide a series of gelatin solutions of differing concentrations, ranging from 20 to 100 pg/ml.
These solutions were airdried onto glass slides and then a cell spreading experiment, was carried out.
Image analysis was employed to measure areas etc. Cells were also allowed to spread on 0 pg/ml
gelatin as a control. Native collagen was employed as the control. The raw data are shown in
Appendix 10.
3T3 fibroblasts allowed to spread on dried gelatin (denatured collagen), at any density from
20-100 pg/ml, spread to a lesser extent than those 3T3 fibroblasts that were allowed to spread on
native collagen (Fig. 3.9). For all gelatin substrates, the extent of cell spreading was at least 33 % less
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Figure 3.9
Effect of Gelatin on the Spreading of 3T3 Fibroblasts

Various densities of gelatin were used as substrates for cell spreading. Native collagen was
employed as the substrate for those fibroblasts allowed to spread on 0 pg/ml gelatin. 3T3 fibroblasts,
were plated at a density of 25000 cells/ml were allowed to spread for 100 minutes on the gelatin
substrates in serum-free conditions.
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than on native collagen (Table 3.2); and was also statistically significant (p < 0.005).

Table 3.2
The Effect of Gelatin on Cell Spreading

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen (0 pg/ml gelatin)

317 ± 8

20 pg/ml gelatin

211 ± 6

25 pg/ml gelatin

205 ± 2

33.3 pg/ml gelatin

213 ± 5

50 pg/ml gelatin

208 ± 5

100 pg/ml gelatin

194 ± 8

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.

Photographs taken of 3T3 fibroblasts allowed to spread on native collagen ie. 0 pg/ml gelatin
(Figure 3.10) and on 100 pg/ml gelatin (Figure 3.11) illustrate that the 3T3 fibroblasts spread to a
lesser extent on gelatin than on native collagen.
The extent of cell spreading on gelatin appeared to be dependent on the density of the gelatin:
cells spread to a lesser extent as the density of the gelatin was increased.
Two way analysis of variance, on the data for cell spreading on gelatin substrates ranging in
density from 20 pg/ml to 100 pg/ml, gave a p value of 0.058. R^q = 0.75.
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Figure 3.10
3T3 Fibroblasts Spread on Native Collagen (0 /tg/ml gelatin)

3T3 fibroblasts were allowed to spread for 100 minutes in serum-fi'ee conditions on native,
untreated collagen (0 pg/ml gelatin). The fibroblasts were plated at a density of 2,5 x 10'* cells/ml.
The cells were fixed and then stained with Coomassie blue.

Figure 3.11
3T3 Fibroblasts Spread on 100 ^g/ml Gelatin

3T3 fibroblasts were allowed to spread on 100 pg/ml gelatin and were plated at a density of
2.5 X 10'* cells/ml in serum-fi’ee conditions. After 100 minutes, they were fixed and stained.
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3.3.6 The Effect of Collagen Modified with Reactive Aldehydes on Cell Spreading

Collagen was modified with reactive aldehydes. The resultant solutions were used to coat
glass slides and provide a substrate for cell spreading. A cell spreading experiment was subsequently
carried out under normal conditions, followed by image analysis.

3.3.6.1 The Effect of Collagen ModiHed with Malondialdehyde on Cell Spreading

The effect of the modification of collagen with malondialdehyde on cell spreading was studied
on human skin (Table 3.3) and also 3T3 fibroblasts (Table 3.4). With both human and 3T3 fibroblasts,
enhanced spreading was observed on collagen which had been pretreated with malondialdehyde, by
comparison to cell spreading on native collagen (Figures 3.12, 3.13, 3.14 & 3.15).

Table 3.3
Geometric Mean Cell Areas for Human Fibroblasts that were Spread on Untreated or Modified
Collagen

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen

563 ± 152

Malondialdehyde-treated collagen

792 ± 143

Hexadienal-treated collagen

910 ± 60

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Raw data are shown in Appendix 11.
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Figure 3.12
Effect of Collagen Modified with Malondialdehyde on Human Fibroblast Spreading

Human skin fibroblast cells were allowed to spread for 100 minutes on two separate
preparations of collagen (— and---) and two separate malondialdehyde-treated collagen substrates (••
•• and ——
).

Figure 3.13
Form Factors of Cells Spread on Treated and Untreated Collagen Preparations

Human skin fibroblast cells were allowed to spread for 100 minutes on two separate
preparations of collagen (— and---) and two separate malondialdehyde-treated collagen substrates (•■
•’ and — ),
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Figure 3.14
Effect of Collagen Modified with Malondialdehyde on 3T3 Fibroblast Spreading

3T3 fibroblasts were plated at a density of 2.5 x 10'* cells/ml and were allowed to spread on
two separate preparations of native, untreated collagen (— and— ) and also on two preparations of
collagen which had been modified with malondialdehyde (••••and- -). Cell spreading was carried out
for 100 minutes and in serum-free conditions.

Figure 3.15
Form Factors of Cells Spread on Treated and Untreated Collagen Preparations

3T3 fibroblasts, were plated at a density of 2.5 x 10'* cells/ml and were allowed to spread on
separate preparations of untreated collagen (— and---) and separate preparations of collagen modified
with malondialdehyde (•••” and
conditions.

) for 100 minutes.
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50

Collagen
Collagen

40

Colagen+MDA

30
Colagen+MDA

Ss.

Cell area (ijm^)
Figure 3 .1 4

40

Collagen
Collagen

30

Colagen+MDA
Colagen+MDA

E 20

0^ ' o.'-®* o.»-*® o > ° * 0.*^® o > “ ®
Form factor
Figure 3 .1 5

o.f-®® oV >* o V

88
Table 3.4
Geometric Mean Cell Areas for 3T3 Fibroblasts that were Spread on Untreated or Modified
Collagen

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen

600 ± 68

Malondialdehyde-treated collagen

1112 ± 89

Hexadienal-treated collagen

1036 ± 49

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Raw data are shown in Appendix 12.

The enhancement of human skin fibroblast cell spreading on malondialdehyde-treated collagen,
by comparison to spreading on native collagen, was not significant (p = 0.26). In contrast, 3T3
fibroblasts spread markedly and significantly more on collagen modified with malondialdehyde than
on native collagen (p = 0.00001). An 85 % enhancement in cell spreading was observed.

3.3.6.2 The Effect of Collagen Modified with Hexadienal on Cell Spreading

Similar observations on the extent of cell spreading were made when collagen was pretreated
with hexadienal. Both 3T3 and human fibroblasts exhibited significantly enhanced cell spreading on
this substrate, by comparison to spreading on native collagen (Tables 3.4 & 3.3).

A 62 %

enhancement in cell spreading was seen for the human fibroblasts allowed to spread on collagen
modified with hexadienal (Figures 3.16 & 3.17; p = 0.001). A greater effect was shown by 3T3
fibroblasts: they displayed a 73 % enhancement in spreading, by comparison with cell spreading on
a native collagen substrate (Figures 3.18 & 3.19; p = 0.0001).
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Figure 3.16
Effect of Collagen Modified with Hexadienal on Human Fibroblast Spreading

Fibroblasts were allowed to spread for 100 minutes were plated at a density of 1.5 x 10'*
cells/ml on two separate preparations of native collagen (— and—-) and on preparations of collagen
which had been pretreated with hexadienal (•♦>•• and

).

The cells were spread in serum-free

conditions.

Figure 3.17
Form Factors of Cells Spread on Treated and Untreated Collagen Preparations

Human skin fibroblasts were plated at a density of 2.5 x 10'* cells/ml and were allowed to
spread on 2 separate preparations of untreated collagen (— and — ) and separate preparations of
collagen modified with hexadienal
free conditions.
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Figure 3.18
Effect of Collagen Modified with Hexadienal on 3T3 Fibroblast Spreading

3T3 fibroblasts, plated at a density of 2.5 x lOVml, were allowed to spread for 100 minutes
on two separate preparations of untreated collagen (

and

) and also separate preparations of

collagen modified with hexadienal (••••and— ) in serum-free conditions.

Figure 3.19
Form Factors of Cells Spread on Treated and Untreated Collagen

3T3 fibroblasts were allowed to spread for 100 minutes on separate preparations of untreated
collagen (— a n d -—) and on two separate preparations of hexadienal-modified collagen (••••and--).
The cells were plated at a density of 2.5 x lOVml in serum-tree conditions.

60

CoOaoen

50

CoDageinHDA
Collagen

40
SO

5

20

V.

0-500

500-1000

1000-1500 1500-2000 2000-2500 2500-3000 3000-3500 3500-4000

Cell area
Figure 3 .1 8

35

Collagen

30

Collagen
CoOagenfHOA
CoUagen+HDA

&

•* O .»" * 0 .* ^ *

Form factor
Figure 3 .1 9

91
The cell spreading experiments carried out on collagen pretreated with either malondialdehyde or
hexadienal were performed on the same occasion. Therefore, all conditions were identical and the
results are comparable. In this experiment, spreading on collagen modified with malondialdehyde was
greater than on collagen modified with hexadienal for 3T3 fibroblasts (an 85 % enhancement on
malondialdehyde-treated collagen compared to 73 % on hexadienal-treated collagen). However, the
spreading on malondialdehyde-treated collagen was not significantly greater than on hexadienal-treated
collagen (p = 0.398).
In contrast to 3T3 fibroblasts, human fibroblasts spread to a greater extent on collagen
modified with hexadienal than on collagen pretreated with malondialdehyde (an enhancement of 62
% compared to 41 %; p = 0.396).

3.3.6.3 The Effect of Collagen Modified with Glutaraldehyde on Cell Spreading

Both human skin (Table 3.5: Figure 3.20) and 3T3 fibroblasts (Table 3.6: Figure 3.21) in
serum-free medium on calf skin collagen, which had been exposed to 50 mM glutaraldehyde, spread
to significantly larger areas in 100 minutes than cells on untreated collagen.

Table 3.5
Geometric Mean Cell Areas for Human Fibroblasts that were Spread on Native or
Glutaraldehyde-Treated Collagen

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen

469 ± 6 (n = 2)

G lutaraldehyde-treated collagen
Glass

1443 ± 173 (n = 2)
366 ± 0 (n = 1)

n = number of independent experiments. In each experiment, 100 cell areas were measured.
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Figure 3.20
Effect of Collagen Modified with Glutaraldehyde on Human Skin Fibroblast Spreading

Human skin fibroblasts (KY) were allowed to spread on two separate preparations of native
collagen (— and---) and on two preparations of collagen modified with glutaraldehyde ( -a n d --).
The cells were plated at a density of 2.5 x 10'’ cells/ml. The cells were allowed to spread for 100
minutes in serum-free conditions.

Figure 3.21
Effect of Collagen Modified with Glutaraldehyde on 3T3 Fibroblast Spreading

3T3 fibroblasts were allowed to spread for 100 minutes. The cells were plated at a density
of 2.5 X 10'’/ml on two separate preparations of untreated collagen (

and

) and on separate

preparations of collagen modified with glutaraldehyde ( - and--). The cells were allowed spread in
serum-free conditions.
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Appendix 13 shows the raw data.

A two sample "Student’s" t-test was carried out to compare human skin fibroblast spreading
on collagen with spreading on collagen modified with glutaraldehyde. The t-test gave a p value of
0.0001, therefore cell spreading on glutaraldehyde-treated collagen was significantly greater than
spreading on native collagen.

Table 3.6
Geometric Mean Cell Areas for 3T3 Fibroblasts that were Spread on Native or GlutaraldehydeTreated Collagen

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen

409 ± 69 (n = 2)

Glutaraldehyde-treated collagen

595 ± 18 (n = 2)

Glass

332 ± 0 (n = 1)

n = number of independent experiments. In each experiment, 100 cell areas were measured.
The raw data are shown in Appendix 14.

Both human skin fibroblasts and mouse 3T3 fibroblasts also spread more on collagen
substrates, whether modified or not, than on glass.
Two sample t-tests were carried out to compare spreading on native collagen with spreading
on glutaraldehyde-treated collagen. Cell spreading was significantly greater on glutaraldehyde-treated
collagen than on untreated collagen for both 3T3 fibroblasts (p = 0.0001) and human skin fibroblasts
(p = 0.0001). Human skin fibroblasts exhibited an approximately 45 % enhancement of cell spreading
on a substrate of collagen modified with glutaraldehyde, relative to cell spreading on native, untreated
collagen.

However, the enhancement exhibited by 3T3 fibroblasts was markedly greater:
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approximately 200 %.
The experiment involving 3T3 fibroblasts, including all duplicates, was repeated and similar
results again obtained (data shown in Appendices 15 and 16).

3.3.7 The Effect of Substrate Acidity on Cell Spreading

This experiment was performed as a control in order to determine whether the acidity of the
substrate was an important factor in cell spreading: the addition of a reactive aldehyde to collagen, to
form a modified substrate, alters the pH, by comparison to that of a native collagen substrate. Both
human skin and 3T3 fibroblasts were studied.
0.1 M HCl was added to a stock collagen solution of 100 pg/ml, in place of the distilled water
usually employed in this procedure when preparing a native collagen solution (refer to 3.2.2 in the
Methods section). Additionally, a combination of 0.1 M HCl and distilled water was also added to
the stock collagen solution. Water was added at a volume equal to that of the malondialdehyde
solution usually employed, when preparing a 50 mM malondialdehyde-treated collagen solution (See
3.2.3 & 3.2.4 in the Methods section). All solutions were incubated at 37°C for 20 hours. 50 % of
these solutions were dialyzed for 5-7 days and the remaining 50 % were left undialyzed. The solutions
were airdried onto glass slides and then a cell spreading experiment followed by image analysis was
carried out.
The extent of cell spreading of 3T3 fibroblasts on collagen prepared with either water and
HCl, or with HCl alone, did not differ significantly when the substrate was dialyzed by comparison
to when the substrate was left undialyzed (p = 0.541) (Table 3.7). Similar observations were observed
with human skin fibroblasts (p = 0.148) (Table 3.8).
Human skin fibroblast cells, which were allowed to spread for 100 minutes on the various
undialyzed acid + collagen substrates, exhibited approximately the same degree of spreading on both
collagen prepared with HCl and on collagen prepared with both HCl and water at the volume of
malondialdehyde solution usually added (p = 0.444). However, 3T3 cell spreading on an undialyzed
collagen substrate prepared with both water and HCl, was significantly greater than spreading on a
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collagen substrate prepared with HCl but not with water (p = 0.016).
Dialysis of the substrates, during preparation, did not affect the extent of cell spreading of
either 3T3 (p = 0.365, p = 0.804) or human fibroblasts (p = 0.146, p = 0.746) on any of the acidic
substrates (Tables 3.7 & 3.8), by comparison with spreading on a comparable undialyzed substrate.
It was observed that human fibroblast cells spread significantly more than the 3T3 fibroblasts on
comparable substrates (p < 0.035).

Table 3.7
3T3 Fibroblast Cell Spreading on Acidic Collagen Substrates

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen+HCl: Undialyzed

212 ± 1

Collagen+HChDialyzed

219 ± 8

Collagen+HCl+HîOiUndialyzed

223 ± 1

Collagen+HCl+HjOiDialyzed

225 ± 10

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Raw data are shown in Appendix 17
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Table 3.8
Human Fibroblast Cell Spreading on Acidic Collagen Substrates

Substrate

Geometric mean cell area (pm^) ± S.D.

Collagen+HC 1:Undialyzed

302 ± 15

Collagen+HChDialyzed

272 ± 11

Collagen+HCl+HjOiUndialyzed

314 ± 11

Collagen+HCl+HjOiDialyzed

308 ± 20

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Appendix 18 shows the raw data.

3.3.8 The Effect of Dialysis of Modified Collagen on Cell Spreading

This experiment was performed as a control in order to determine whether the extent of cell
spreading on modified substrates was affected by dialysis of the substrates during their preparation.
Collagen was modified with either malondialdehyde, hexadienal or glutaraldehyde as
previously described. 50 % of the solutions were dialyzed for the standard 5-7 days and 50 % of the
solutions remained undialyzed. These collagen preparations were used to coat glass slides and the
slides were allowed to airdry.
A cell spreading experiment involving 3T3 fibroblasts was carried out. The cells were fixed
after 100 minutes and subsequently stained. The image analysis system was employed to measure the
cells’ areas etc.
Pretreatment of collagen with a reactive aldehyde caused a marked enhancement in cell
spreading, when the solutions were dialyzed, by comparison to spreading on native, untreated collagen
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(Table 3,9). Nb. Dialysis is the normal procedure.
When the substrate was dialyzed, the various aldehydes differed in their ability to enhance
cell spreading, relative to cell spreading on collagen. As in 3.3.6.1, 3T3 fibroblasts spread to a greater
extent on collagen pretreated with malondialdehyde than on collagen pretreated with hexadienal (a 102
% enhancement of spreading on malondialdehyde-treated collagen, relative to spreading on collagen:
a 76 % enhancement of spreading on hexadienal-treated collagen, relative to spreading on collagen).
3T3 fibroblasts spread more on collagen pretreated with either hexadienal or malondialdehyde than on
collagen pretreated with glutaraldehyde.

Table 3.9
The Effect of Dialysis on 3T3 Fibroblast Spreading on Native and Modified Collagen

Substrate

Geometric mean cell area
(pm^) ± S.D.

Collagen:Dialyzed

331 ± 20

Collagen:Undialyzed

317 ± 8

Malondialdehyde-treated collagen:Dialyzed

487 ± 1

Malondialdehyde-treated collagen:Undialyzed
Glutaraldehyde-treated collagen:Dialyzed
Glutaraldehyde-treated collagen:Undialyzed
Hexadienal-treated collagen:Dialyzed
Hexadienal-treated collagen:Undialyzed

*

*

379 ± 33
*

425 ± 24

*

All collagen solutions, pretreated with a reactive aldehyde, when undialyzed, allowed only

poor cell adhesion: too few fibroblasts attached to allow measurement
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n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
The raw data for table 3.9 are displayed in Appendix 19.

There was no significant difference in the extent of cell spreading on a dialyzed collagen
substrate and an undialyzed collagen substrate (p = 0.003). However, all of the collagen solutions
which had been modified with a reactive aldehyde and were undialyzed, allowed only very poor
adhesion: too few fibroblasts were attached to allow accurate measurement of cell areas etc. The few
cells that did adhere to undialyzed substrates spread very little (Figures 3.22 & 3.23).

3.3.9 The Effect of Collagen, Modified with Varying Malondialdehyde Concentrations on Cell
Spreading

This experiment was performed to determine whether the concentration of reactive aldehyde,
employed to modify collagen, influenced the extent of cell spreading.
Collagen was modified by malondialdehyde as described in the Methods section. However,
collagen was treated with the reactive aldehyde to give final malondialdehyde concentrations of 15 mM
and 30 mM, as well as the standard 50 mM.

A native collagen solution, at a final collagen

concentration of 50 pg/ml, was also prepared. Glass slides were coated with these solutions and
allowed to airdry.
A cell spreading experiment was carried out and the cells were fixed and stained. Image
analysis was used to study the cells.
The raw data for the experiment can be seen in Appendices 20 and 21.
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Figure 3.22
3T3 Fibroblasts Spread on a Dialyzed Substrate of Malondialdehyde-Treated Collagen

3T3 fibroblasts were allowed to spread on a substrate of malondialdehyde-pretreated collagen
which had been dialyzed. The cells were plated at a density of 2.5 x lO'* cells/ml. The cells were
allowed to spread for a period of 100 minutes. Spreading occurred in serum-ffee conditions.

Figure 3.23
3T3 Fibroblasts Sp read on an Undialyzed Substrate of Malondialdehyde-Treated Collagen

3T3 fibroblasts were allowed to spread in serum-free conditions on an undialyzed substrate
of malondialdehyde-pretreated collagen. The cells spread for 100 minutes before fixation and staining.
The cells were plated at a density of 2.5 x 10'* cells/ml.
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This experiment was carried out on both human (Figure 3.24) and 3T3 fibroblasts (Figure
3.25). It appeared that for human and 3T3 fibroblasts, the extent of cell spreading was dependent on
malondialdehyde concentration ie. as the concentration of malondialdehyde was increased, the extent
of cell spreading also increased.
Various two sample t-tests were performed on the data obtained for human fibroblasts and
showed that cell spreading on collagen pretreated with 50 mM malondialdehyde was significantly
enhanced by comparison with spreading on native collagen (ie. 0 mM malondialdehyde) (p = 0,0320),
Cell spreading on collagen modified with 30 mM malondialdehyde was also significantly enhanced by
comparison with spreading on native, untreated collagen (p = 0.0130). However, there was no
significant difference in cell spreading between collagen modified with 30 mM malondialdehyde and
collagen treated with 50 mM malondialdehyde (p = 0.8400).
The regression equation which describes the effect of malondialdehyde concentration (0-50
mM) on geometric mean cell area is:

y = 413 + 2,84x

R,q = 0.714

y = geometric mean cell area
X=

concentration of malondialdehyde used to modify the collagen

Omission of the data for human skin fibroblast spreading on collagen pretreated with 50 mM
malondialdehyde fi"om the regression analysis, increased the value of R,, to 0.974 (from 0,714).
Two sample t-tests were also performed on the results obtained using 3T3 fibroblasts and
showed that the enhancement of cell spreading of 3T3 fibroblasts on collagen modified with 50 mM
malondialdehyde was significant by comparison with spreading on native collagen (p = 0.0001). Cell
spreading was also significantly enhanced on collagen pretreated with 30 mM malondialdehyde by
comparison with spreading on untreated, native collagen (p = 0.0001). Spreading on collagen modified
with 30 mM malondialdehyde was not significantly different fi*om cell spreading on collagen pretreated
with 50 mM malondialdehyde (p = 0.4900). The significance of these results was the same as for
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Figure 3.24
Effect of Collagen, Modified with Varying Malondialdehyde Concentrations, on Human
Fibroblast Spreading

Human skin fibroblasts (HW) were allowed to spread for 100 minutes on preparations of
collagen modified with various concentrations of malondialdehyde. Cells were plated at a density of
2.5 X lO'* cells/ml in serum-free conditions.

Figure 3.25
Effect of Collagen, Modified with Varying Malondialdehyde Concentrations, on 3T3 Fibroblast
Spreading

3T3 fibroblasts, were plated at a density of 2.5 x lO"* cells/ml and were allowed to spread on
collagen modified with varying concentrations of malondialdehyde. Cells were spread in serum-free
conditions for 100 minutes.
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human skin fibroblasts allowed to spread on comparable substrates.
Two way analysis of variance showed that the concentration of malondialdehyde (0-50 mM)
had a significant effect on the geometric mean cell area ie. cell spreading (p = 0.048). The regression
equation is defined as:

y = 350 + 4.34x

= 0.905

y = geometric mean cell area
X

= concentration of malondialdehyde

In contrast to the results obtained when employing human cells, the omission of the data for
spreading on collagen pretreated with 50 mM malondialdehyde from the regression analysis did not
increase the value of

(R,q = 0.91). However, the effect of malondialdehyde concentration on cell

spreading was no longer significant (p = 0.204).

3.3.10 Variations in Cell Spreading of Human Skin and Mouse 3T3 Fibroblasts

3.3.10.1 Variations in Cell Spreading of Human Skin and Mouse 3T3 Fibroblasts

Collagen was modified with glutaraldehyde, hexadienal or malondialdehyde, as described
previously. A native collagen solution was also prepared. Human skin and 3T3 fibroblasts were
allowed to spread for 100 minutes on the various substrates. The cells were fixed, stained and
mounted. Geometric mean cell areas were calculated by image analysis. The experiment was carried
out in duplicate. 100 cell counts were measured for each replicate.
Although previous cell spreading experiments had been carried out to study the extent of cell
spreading on collagens modified with reactive aldehyde, none of these involved allowing cells to
spread for 100 minutes on all substrates on the same occasion. Since cell spreading is affected by
external conditions such as temperature, any spreading carried out at the same time is comparable.
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This experiment was performed in order to determine whether human skin and mouse 3T3 fibroblasts
spread to the same extent on modified collagen substrates.
Enhanced cell spreading occurred with human skin fibroblasts allowed to spread on collagen
which had been treated with 50 mM malondialdehyde (p = 0.288), 50 mM hexadienal (p = 0.008) or
50 mM glutaraldehyde (p = 0.006), by comparison with spreading on native collagen (Table 3.10).

Table 3.10
Geometric Mean Cell Areas for Human Skin and 3T3 Fibroblasts after Spreading on Native and
Modified Collagens

Substrate

Fibroblast Type
Human skin

Mouse 3T3

Collagen

498 ± 11

331 ± 20

Malondialdehyde-treated collagen

571 ± 71

487 ± 1

Hexadienal-treated collagen

680 ± 21

425 ± 24

Glutaraldehyde-treated collagen

684 ± 18

379 ± 33

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
The raw data for table 3.10 can be seen in Appendix 22.

The enhancement in human skin fibroblast cell spreading, by comparison with spreading on
native collagen, was greatest with glutaraldehyde and least with malondialdehyde-treated collagen, as
previously observed. The observed enhancement in cell spreading on the modified substrates was
significant for both hexadienal- and glutaraldehyde-treated collagen (p < 0.008), but not for
malondialdehyde-treated collagen (p = 0.288).
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3T3 mouse fibroblasts also spread more extensively on the modified preparations of collagen
than on native, untreated collagen (Table 3.10).
However, the extent of cell spreading on the modified collagens differed by comparison with
spreading by human skin fibroblasts on the same substrates, since, with 3T3 cells, the enhancement
in cell spreading, by comparison with spreading on collagen, was greatest with malondialdehyde and
least with glutaraldehyde-treated collagen. In all cases, the enhancement in cell spreading on the
modified substrates, by comparison with spreading on native collagen was significant (p < 0.0001).
Modification of collagen by malondialdehyde, hexadienal or glutaraldehyde and hence %
collagen amino groups was assessed by the fluorescamine assay (Refer to Chapter 2). 70 % of the free
collagen amino groups remained when collagen was modified with malondialdehyde, 52 % when
hexadienal was used as the modification agent and 39 % when glutaraldehyde was used to modify the
collagen.

Two way analysis of variance on the data for the % increase in human skin fibroblast

spreading, relative to spreading on collagen, and its dependence

on the number of freecollagen amino

groups gave p = 0.062. The relationship is described by the following regression equation:

y = 69.4 - 0.757x

R,q = 0.623

y = % increase in human skin fibroblast spreading, relative to spreading on collagen
X = % free primary amino groups present in the modified collagen

The % collagen amino groups, in the modified collagens, was shown to have a significant
effect on the enhancement in 3T3 spreading, relative to spreading on collagen (p = 0.006) by two way
analysis of variance. The regression equation which defines this is as follows:

y = 0.7 + 1.45x

Rjq = 0.88

y = % increase in 3T3 spreading, relative to spreading on collagen
X = % free primary amino groups present in the modified collagen
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3.3.10.2 Variations in Cell Spreading of Human Skin and 3T3 Fibroblasts + the Effect of the
Reactive Aldehyde Employed to Modify Collagen

The previous experiment (3.3.10.1) was repeated, but on a larger scale. Cell spreading on the
various substrates was studied using three separate human skin fibroblast cell strains and also mouse
3T3 fibroblasts. The human cell strains used were JV, CH and TG. The entire experiment was
performed, this time, in triplicate. The experiment was also carried out to determine whether the
substrate affected the morphology of spread 3T3 and human fibroblasts. The raw data are shown in
Appendix 23.
Modification of collagen by malondialdehyde, hexadienal or glutaraldehyde and hence %
collagen amino groups was assessed by the fluorescamine assay (Refer to Chapter 2).
The % increase in cell spreading of the human skin fibroblasts, relative to the cell spreading
on a native collagen substrate, increased as the % collagen amino groups decreased (Figure 2.26). In
contrast to human skin fibroblast spreading, the extent of enhancement in cell spreading of mouse 3T3
fibroblasts, by comparison with the spreading on untreated collagen, lessened as the number of fi-ee
collagen amino groups increased (Figure 3.27).
Human skin fibroblasts spread, on the modified substrates, most on glutaraldehyde-treated
collagen and least on malondialdehyde-treated collagen (Figure 3.28). In contrast, 3T3 fibroblasts
spread most on malondialdehyde-treated collagen and least on glutaraldehyde-treated collagen (Figure
3.29). This is in agreement with the results obtained in 3.3.10.1. Photographs taken of human skin
fibroblasts (Figures 3.30, 3.31, 3.32 & 3.33) and 3T3 fibroblasts (Figures 3.34, 3.35, 3.36 & 3.37)
allowed to spread on the various substrates illustrate this.
The morphology of both human skin and 3T3 fibroblasts was affected by the substrate on
which they were allowed to spread. Form factor is a measure of a cell’s circularity. An unspread cell,
which is perfectly circular would have a form factor of 1.0. The largest form factors were obtained
when the cells (both human and mouse 3T3) were allowed to spread on a native collagen substrate.
For the modified substrates, all three human skin cell strains studied had the largest form factor when
spread on malondialdehyde-treated collagen. Two of the three cell strains (JV and TG) displayed the
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Figure 3.26
Cell Spreading on Modified Collagen, Relative to Cell Spreading on Native Collagen (Taken as
100 %) in Relation to the Content of Free Amino Groups

Three cell strains of human skin fibroblasts were allowed to spread for 100 minutes in serumfree conditions on native or modified collagen. The number of free primary collagen amino groups
was determined by the fluorescamine assay. Each symbol represents a separate cell strain (R,q = 0.962,
0.875, 0.732 respectively).

Figure 3.27
Cell Spreading on Modified Collagen, Relative to Cell Spreading on Native Collagen, in Relation
to the Content of Free Amino Groups

3T3 fibroblasts were allowed to spread for 100 minutes on native or modified collagen in
serum-free conditions.

The % collagen free primary amino groups were determined by the

fluorescamine assay (R,q = 0.77).
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smallest form factors when allowed to spread on hexadienal-treated collagen (Figure 2.38: Data for
TG not shown). However for the third human cell strain (CH), form factors were lowest when the
cells were spread on glutaraldehyde-treated collagen (Figure 3.39).
3T3 fibroblasts exhibited a different pattern of morphology.

As previously stated, 3T3

fibroblasts allowed to spread on native collagen exhibited the largest form factors (Figure 3.40). Cells
allowed to spread on the modified substrates had smaller form factors. For the modified substrates,
form factors were greatest for cells spread on glutaraldehyde-treated collagen and least for those spread
on malondialdehyde-treated collagen.
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Figure 3.28
Effect of Substrate on Human Skin Fibroblast Spreading

Human skin fibroblasts (JV) were plated at a density of 2.5 x 10" cells/ml and allowed to
spread on either native collagen (— ), malondialdehyde-treated collagen (---), hexadienal-treated
collagen (•••••) or glutaraldehyde-treated collagen

The cells were allowed to spread for 100

minutes in serum-free conditions. Each line represents the average of three independent replicates,
each separate experiment comprising 100 cells.

Figure 3.29
Effect of Substrate on 3T3 Fibroblast Spreading

3T3 fibroblasts were allowed to spread for 100 minutes on either native collagen (—),
malondialdehyde-treated collagen (— ), hexadienal-treated collagen (■••••) or glutaraldehyde-treated
collagen (- -).

Spreading was carried out in serum-free conditions and the cells were plated at a

density of 2.5 x 10" cells/ml. Each line represents the average of three independent experiments, each
separate experiment comprising 100 cells.
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Figure 3.30
Human Skin Fibroblasts Spread on Native Collagen

Human skin fibroblasts were allowed to spread on native, untreated collagen for 100 minutes.
Spreading was performed in serum-free conditions. The cells were plated at a density of 2.5 x 10“*
cells/ml.

Figure 3.31
Human Skin Fibroblasts Spread on Malondialdehyde-Treated Collagen

Human skin fibroblasts were allowed to spread in serum-free conditions for 100 minutes. Hie
cells were spread were plated at a density of 2.5 x 10'* cells/ml on collagen which had been pretreated
with malondialdehyde.
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Figure 3.32
Human Skin Fibroblasts Spread on Hexadienal-Treated Collagen

Human skin fibroblasts were allowed to spread for 100 minutes on collagen which had been
pretreated with hexadienal. Spreading occurred in serum-free conditions. The cells were plated at a
cell density of 2.5 x 10“* cells/ml.

Figure 3.33
Human Skin Fioroblasts Spread on Glutaraldehyde-Treated Collagen

Human,ikin fibroblasts were allowed to spread for 100 minutes on collagen which had been
modified with glutaraldehyde. Spreading was carried out in serum-free conditions. Cells were plated
at a density of 2.5 x lO'* cells/ml.
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Figure 3.34
3T3 Fibroblasts Spread on Native Collagen

3T3 fibroblasts were allowed to spread for 100 minutes on native, untreated collagen. The
cells were plated at a density of 2.5 x 10^ cells/ml and the experiment was carried out in serum-free
conditions.

Figure 3.35
3T3 Fibroblasts Spread oh Malondialdehyde-Treated Collagen

3T3 fibroblasts were allowed to spread were plated at a density of 2.5 x 10^ cells/ml on
malondialdehyde-treated collagen. Spreading was carried out for 100 minutes in serum-free conditions.
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Figure 3.36
3T3 Fibroblasts Spread on Hexadienal-Treated Collagen

3T3 fibroblasts were allowed to spread for 100 minutes on hexadienal-treated collagen in
serum-free conditions. The cells were plated at a density of 2.5 x 10'* cells/ml.

Figure 3.37
3T3 Fibroblasts Spread on Glutaraldehyde-Treated Collagen

3T3 fib] rblasts were allowed to spread for 100 minutes on glutaraldehyde-treated collagen.
Spreading was carried out in serum-free conditions. The cells were plated at a density of 2.5 x 10'*
cells/ml.
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Figure 3.38
Form Factors of Human Skin Fibroblasts (JV) Spread on Various Substrates

Human skin fibroblasts (JV) were plated at a density of 2.5 x lO'* cells/ml and were allowed
to spread on either native collagen (— ), malondialdehyde-treated collagen (-—), hexadienal-treated
collagen (•••••) or glutaraldehyde-treated collagen (- -) for 100 minutes. Spreading was carried out in
serum-fi-ee conditions.

Each line represents the average of three independent experiments, each

separate experiment comprising 100 cells.

Figure 3.39
Form Factors of Human Skin Fibroblasts (CH) Spread on Various Substrates

Human skin fibroblasts (CH) were allowed to spread for 100 minutes on either collagen (—
), malondialdehyde-treated collagen (-—), hex^ienàl-treated collagen (••••*) or glutaraldehyde-treated
collagen (--) in serum-free conditions. The cells were plated at a density of 2.5 x 10^ cells/ml. Each
line represents the average of three independent experiments, each separate experiment comprising 100
cells.
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Figure 3.40
Form Factors of 3T3 Fibroblasts Allowed To Spread on Various Substrates

3T3 cells were allowed to spread on either collagen (—), malondialdehyde-treated collagen
(---), hexadienal-treated collagen (•—) or glutaraldehyde-treated collagen (plated at a density of 2.5 x 10^ cells/ml.
conditions.

The fibroblasts were

The cells were spread for 100 minutes in serum-free

Each line represents the average of three independent experiments, each separate

experiment comprising 100 cells.
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3.3.11 Immunofluorescence Microscopy of the Effect of Modified Collagen on Cell Spreading

Immunofluorescent microscopic analysis of spread cells was carried out.

One of four

antibodies (anti-vimentin, anti-vinculin, anti-actin and anti-actinin) was used to study the distribution
of various cytoskeletal components in cells allowed to spread on modified and native collagen
substrates.

As previously shown, human skin fibroblasts spread most on glutaraldehyde-treated

collagen and least on native collagen.
Human skin fibroblasts allowed to spread on either native or modified collagen displayed
strong staining of vinculin (Figures 3.41 & 3.42). Vinculin appeared to be associated with stress fibres
and was also present at the plasma membrane where focal contacts occurred. This was observed for
cells allowed to spread on any of the modified substrates, as well as native collagen.
a-actininin was found in ruffles at the perimeter of the cells allowed to spread on a native
collagen substrate and diffusely over the bodies of these cells (Figure 3.43). Cells which had been
plated onto a modified substrate spread more than those plated onto native collagen; a-actinin was also
found diffusely over the cells which had been allowed to spread on the modified substrates. The
intensity of staining was higher for those cells spread on modified collagen than for cells spread on
native collagen. There appeared to be "dots'* of a-actinin over the entire cell, but the staining was
more intense around the nucleus (Figure 3.44).
In these studies, vimentin was distributed diffusely over the cells which had been spread on
native collagen. There also appeared to be a little staining at the plasma membrane of the cell. Cells
spread on malondialdehyde-treated collagen also exhibited this pattern of vimentin staining (Figure
3.45). A network of vimentin fibres, radiating outwards to the edges of the cells, was observed for
cells allowed to spread on either hexadienal-treated or glutaraldehyde-treated collagen. Human skin
fibroblasts which had been allowed to spread on glutaraldehyde-treated collagen for 100 minutes
displayed the most organized cytoskeleton (Figure 3.46).
Actin was observed diffusely over the bodies of the cells allowed to spread on either native
collagen, malondialdehyde-treated collagen or hexadienal-treated collagen. There appeared to be no
fibrillar actin (Figure 3.47). However, some actin in cells spread on glutaraldehyde-collagen was found
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Figure 3.41
Vinculin-Staining of Human Skin Fibroblasts Spread on Collagen

Cells, plated at a density of 2.5 x 10^ cells/ml, were allowed to spread for 100 minutes on
native collagen in serum-free conditions. After fixation, the cells were stained with anti-vinculin for
one hour. After washing, a second fluorescent antibody, diluted 1 in 40, was added. The slides were
washed after 20 minutes.

Figure 3.42
Vinculin-Staining of Human Skin Fibroblasts Spread on Glutaraldehyde-Treated Collagen

Human skin fibroblasts were allowed to spread on a preparation of glutaraldehyde-treated
collagen for 100 minutes in serum-free conditions. The cells were plated at a density of 2.5 x 10^
cells/ml. Anti-vinculin, diluted 1 in 100 with PBS, was added. After one hour, the cells were washed
and then stained with a second, fluorescent antibody for 20 minutes.
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Figure 3.43
a-Actinin-Staining of Human Skin Fibroblasts Spread on Native Collagen

Cells, plated at a density of 2.5 x lO'* cells/ml, were allowed to spread for 100 minutes on
native collagen in serum-free conditions. After fixation, the cells were stained with anti-a-actinin for
one hour. After washing, a second fluorescent antibody, diluted 1 in 40, was added. The slides were
washed after 20 minutes.

Figure 3.44
a-Actinin-Staining of Human Skin Fibroblasts Spread on Malondialdehyde-Treated Collagen

Human skin fibroblasts were allowed to spread on a preparation of malondialdehyde-treated
collagen for 100 minutes in serum-free conditions. The cells were plated at a density of 2.5 x 10^
cells/ml. Anti-a-actinin, diluted 1 in 500 with PBS, was added. After one hour, the cells were washed
and then stained with a second, fluorescent antibody for 20 minutes.
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Figure 3.45
Vimentin-Staining of Human Skin Fibroblasts Spread on Malondialdebyde-Treated Collagen

Human skin fibroblasts were allowed to spread on a preparation of malondialdehyde-treated
collagen for 100 minutes in serum-free conditions. The cells were plated at a density of 2.5 x 10^
cells/ml. Anti-vimentin, diluted 1 in 600 with PBS, was added. After one hour, the cells were washed
and then stauu

vith a second, fluorescent antibody for 20 minutes.

Figure 3.46
Vimentin-Staining of Human Skin Fibroblasts Spread on Glutaraldehyde-Treated Collagen

Cells, plated at a density of 2.5 x ÎO'* cells/ml, were allowed to spread for 100 minutes on
glutaraldehyde-treated collagen in serum-fi*ee conditions. After fixation, the cells were stained with
anti-vimentin for one hour. After washing, a second fluorescent antibody, diluted 1 in 40, was added.
The slides were washed after 20 minutes.
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organized as stress fibres (Figure 3.48). Controls for vinculin, a-actinin, vimentin and actin displayed
only background immunofluorescence.
Human skin fibroblasts allowed to spread on glutaraldehyde-treated collagen showed a more
organized cytoskeleton and more focal contacts than cells allowed to spread on native collagen.

120

Figure 3.47
Actin-Staining of Human Skin Fibroblasts Spread on Native Collagen

Cells were plated at a density of 2.5 x 10'* cells/ml and allowed to spread for 100 minutes on
untreated, native collagen in serum-free conditions. Afrer fixation, the cells were stained with antiactin for one hour. After washing, a second fluorescent antibody, diluted 1 in 40, was added. The
slides were washed after 20 minutes.

Figure 3.48
Actin-Staining of Human Skin Fibroblasts Spread on Malondialdehyde-Treated Collagen

Human skin fibroblasts were allowed to spread on a preparation of malondialdehyde-treated
collagen for 100 minutes in serum-free conditions. The fibroblasts were plated at a density of 2.5 x
lO'* cells/ml. Anti-vimentin, diluted 1 in 600 with PBS, was added. After one hour, the cells were
washed and then stained with a second, fluorescent antibody for 20 minutes.
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3.4 DISCUSSION

The interaction between the cell surface and its substratum determines, in part, the ability of
cells to spread efficiently. The cells must first attach to the substratum, before spreading can occur.
The steps involved in cell adhesion to substratum take place rapidly in the absence of de novo protein
or nucleic acid biosynthesis, provided that divalent cations (Ca^^ or Mg^^) are present (Klebe, 1974).
In normal culture medium, cells, whilst spreading, change morphology from a rounded form through
a more flattened form (but with a raised cell mass) (Witkowski & Brighton, 1971). Once radial
spreading is complete, the fibroblasts begin to polarize and their cell areas and form factors decrease.
Fibroblasts changed area and morphology with time. With time, the cells plated on glass
increased significantly in area.

This spreading is mediated by endogenous and exogenous

glycoproteins. Both 3T3 and human fibroblasts spread far more in the presence of serum. This was
expected since the serum used in routine culture medium provides exogenous adhesive proteins that
mediate cell attachment to substrata. It has generally been thought that the main cell attachmentpromoting protein in serum is fibronectin. However, another adhesion molecule, vitronectin, was
discovered in serum with an activity much greater than that of fibronectin (Hayman et al, 1983).
In my experiments, the spreading of fibroblasts on glass proceeded irregularly (Witkowski &
Brighton, 1971). Irregularly spread (ie. not radially spread) cells usually have form factors less than
0.55. Therefore my results are in agreement with the observation that many fibroblasts, when spread
on glass, are non-circular with form factors < 0.55 (Pizzey et al, 1984).
3T3 fibroblasts did not spread effectively in serum-free conditions on glass. It has been
suggested that the ability of fibroblasts to spread in serum-free medium is dependent on the extent to
which the cells are able to secrete cold insoluble globulin, CIO, (the plasma form of fibronectin) onto
the substratum (Grinnell, 1978). The 3T3 fibroblasts which I used are an immortalized cell line and
produce few adhesion glycoproteins such as fibronectin (Grinnell & Minter, 1978). The production
of few adhesion proteins explains the poor spreading of 3T3 cells on uncoated glass. Human skin
fibroblasts, in my experiments, spread more efficiently than the 3T3 cells on a glass substrate. Human
skin fibroblasts are a cell strain and can secrete sufficient quantities of fibronectin onto the substratum
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and then attach and spread on it (Grinnell & Feld, 1979). Generally, cell strains do not require the
addition of exogenous serum or CIG, but most cell lines and transformed cells do in order to attach
and spread on tissue culture plastic or denatured collagen substrata (Witkowski & Brighton, 1971;
Grinnell & Minter, 1978). Adhesive proteins such as fibronectin, contain RGD and other cell binding
sequences, which are now known to mediate cell-substrate adhesion. They interact with recognition
sites, integrins, on the cell surface (Hynes, 1987; Ruoslahti & Pierschbacher, 1987; Albelda & Buck,
1990; Ciarrocchi et al, 1992; Gurrath et al, 1992; Pfaff et al, 1993). The integrin for fibronectin
is a transmembrane glycoprotein (M^ 140,000) (Pytela et al, 1985).
In the present work, 3T3 fibroblasts allowed to spread on gelatin (denatured collagen), at any
density from 20-100 pg/ml, spread to a lesser extent than on native collagen. Davis has previously
associated the loss of secondary structure in collagen with the exposure of additional RGD sequences
(Davis, 1982), increasing the availability of these sequences for interaction with cell surface receptors.
Since RGD is associated with cell binding, it might have been expected that the exposure of more
RGD sites in gelatin would lead to enhanced cell spreading.

Since 3T3 cell spreading, in my

experiments, is not enhanced on gelatin, by comparison with cell spreading on native collagen, it seems
probable that either RGD does not play any role in 3T3 cell binding to collagen or, if it does, only a
minor one. Davis carried out his experiments using A2058 melanoma cells, not 3T3 cells and, so it
can be concluded that different cell lines and cell strains utilize different cell binding sequences by
selective expression of integrins (Hynes, 1992). Many cell types have also been shown to have the
ability to modulate the binding properties of integrins. For example, the agP, integrin on platelets is
specific for collagen, but not for laminin (Staatz et al, 1989). However, agP, on other cells can
recognize both collagen and laminin (Elices & Hemler, 1989).
3T3 cell spreading, in my experiments, is in fact reduced on gelatin, by comparison to cell
spreading on native collagen. Therefore, it seems likely that some of the binding sites which are
exposed in native collagen, and which 3T3 fibroblasts use ie. not RGD sequences, are unavailable in
denatured collagen. This could be due to structural changes which occur within the protein upon
dénaturation.
However, since spreading in my studies was carried out in the absence of added fibronectin.
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it might also have been expected that cell spreading of 3T3 fibroblasts on gelatin (denatured collagen)
would be less than on native collagen due to the fact that it has previously been shown that CIG
(plasma fibronectin) must be adsorbed on the surface of the substratum to obtain the attachment and
spreading of many cell lines on denatured collagen substrata (Grinnell & Minter, 1978).
Cell spreading for 100 minutes was not significantly influenced by collagen densities up to
48 pg/cm^, although spreading was greater on a collagen substrate than on uncoated glass. The
enhanced cell spreading on collagen can be explained by the fact that collagen itself contains RGD
sequences. After spreading and, in the absence of any adhesive glycoproteins in serum-free conditions,
it is able to interact directly with integrins on the surface of the cell.
In my experiments, collagen density played a more important role when cells were allowed
to spread for 200 minutes, by comparison to 100 minutes. As the collagen density of the substrate was
increased (up to 24 pg/cm^), the extent of cell spreading also became greater. Since collagen contains
RGD and other cell binding sequences, it is reasonable to assume that as its density rises, the number
of binding sequences is increased, enlarging the number available to the cells. The extent of cell
spreading was less at densities of collagen above 24 pg/cm^ (although spreading was still significantly
enhanced by comparison to spreading on glass). Cells have a finite number of integrins for cell
attachment. Despite an increasing number of binding sequences at collagen densities above 24 pg/cm^,
there is perhaps no concomitant increase in the number of integrins. Fibroblasts can also bind to
differing recognition sites, depending on topography (Grinnell et ai, 1989). Confinement of the
collagen fibres could be altering the topography of the protein and making RGD and other sequences
less accessible.
The insignificant variation in cell spreading of the second cell strain (KY) between collagen
densities of 18 pg/cm^ and 48 pg/cm^ may be due to the fact that these cells have not spread as well
as those of strain DU. Since spreading has not proceeded to the same degree, any differences in
spreading pattern are not as prominent.
In previous studies, it was observed that 3T3 fibroblasts spread more extensively on type I
collagen that had been pretreated with malondialdehyde than on native collagen (Davies et ai,
unpublished data). The present studies have looked at the response of 3T3 fibroblasts to modified
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forms of collagen, but the response of freshly isolated human skin fibroblasts has also been examined
since the spreading of these cells might be presumed to give a more faithful guide than 3T3 fibroblasts
to the behaviour of human skin fibroblasts in contact with altered collagens in vivo.
Enhanced cell spreading on aldehyde-treated calf skin collagen was found with both human
skin fibroblasts and with 3T3 mouse fibroblasts. At present, the molecular basis of this phenomenon
is not clear.
One explanation for the enhancement of cell spreading on collagen which has been modified
with malondialdehyde, hexadienal or glutaraldehyde, by comparison with spreading on native collagen,
is that a conformation change may be associated with its modification.

This could result in an

exposure of RGD and other cell binding sequences, and thus increase their availability for interaction
with cell surface receptors.
In the previous chapter, I showed that the modification of collagen with a reactive aldehyde
results in a loss of free primary amino groups and cross-linking. It has also been proposed that
fibroblasts can bind to differing recognition sequences in collagen, depending on the topographical
organization of the protein (Grinnell et ai., 1989). This influences the extent of cell spreading on
collagen substrates. A possible explanation of my findings is therefore that the loss of free amino
groups and any associated cross-linking in collagen, which results from the reaction of aldehydes with
the 8-amino groups of its lysine residues, may enhance interactions between integrin receptors in the
fibroblast cell membrane and recognition sequences (such as RGD) in collagen.

This would be

consistent with the idea that the binding of cell membrane receptors to peptide sequences is dependent
on the three-dimensional conformation of the peptide recognition sites (Humphries, 1990).
Glutaraldehyde-treated collagen caused the greatest enhancement in human fibroblast spreading
and, from the results reported in Chapter 2, it has been shown that glutaraldehyde caused the greatest
loss in collagen amino groups. Conversely, malondialdehyde was responsible for the smallest loss in
collagen amino groups and, although malondialdehyde-modified collagen caused enhanced cell
spreading, the % increase was smaller than for either collagen modified with hexadienal or
glutaraldehyde. The extent of enhancement of human skin fibroblast cell spreading on the modified
collagens therefore appears to be related to the loss of collagen primary amino groups. This is
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congruent with cross-linking via free NHj groups on the collagen molecule (Cheung et al, 1985;
Davidkova et al, 1973). Consistent with this, is the observation by Nishikawa and co-workers that
cell spreading is enhanced in skin fibroblasts cultured on a collagen gel in which the intermolecular
cross-linking is increased (Nishikawa et al, 1987). In other experiments, collagen cross-linked by 1cyclohexyl-3-(2-morpholinoethyl)-carboiimide-metho-p-toluenesulfbnate(carboiimide),hasbeen found
to be a superior tissue culture growth surface than native collagen (Macklis et al, 1985).
Nevertheless, it is not clear why glutaraldehyde caused a greater loss of collagen amino groups
than malondialdehyde, but had a smaller effect on cell spreading with mouse 3T3 fibroblasts.
However, this observation indicates that mouse 3T3 and human skin fibroblasts have different
mechanisms for cell spreading. This could involve mouse and human fibroblasts using different cell
binding sequences or different integrins during cell attachment and spreading, having different integrin
specificities or a combination of these factors.
Pretreatment of collagen with a reactive aldehyde was shown to cause a marked enhancement
in cell spreading, by comparison to spreading on native collagen, when the substrates were dialyzed.
However all cells which were plated onto undialyzed collagen substrates, pretreated with a reactive
aldehyde, displayed very poor adhesion. The poor adhesion onto undialyzed substrates is due to
residual, unreacted aldehyde in the collagen substrate.

Aldehydes, including glutaraldehye, as

unreacted monomers have been shown to exert cytotoxic effects (Cooke et al, 1983).
Enhanced cell spreading of both 3T3 and human skin fibroblasts was observed when they
were plated on collagen which had been modified with malondialdehyde. The enhancement of cell
spreading was directly dependent on the reactive aldehyde concentration. The enhancement of cell
spreading could have resulted from an increase in the concentration of RGD and other cell binding
sequences exposed as a consequence of protein conformation change caused by the modification of the
collagen molecule by malondialdehyde.
Spreading was always accompanied by profound reorganization of the cytoskeleton, as shown
by my immunofiuorescent studies. Adhesion plaques (focal contacts) occurred at the sites where the
cells adhere to the external substrate.

Adhesion plaques are found where the bundles of actin-

containing microfilaments that pass through the cell’s cytoplasm meet the plasma membrane. Vinculin
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(Mr 130,000) and a-actinin (Mr 100,000), two of the attachment proteins that interact with the ends
of actin filaments, were also found within these specialized areas of the cultured fibroblast plasma
membrane. Electron-microscope examination of focal contacts has shown that several actin-binding
proteins were present at the submembranous ends of microfilament bundles. Vinculin was originally
found, by immunofluorescence, to be associated with the focal contacts between cultured fibroblasts
and their substrata (Geiger, 1979). Vinculin is located at the submembranous side of the focal contacts
(Geiger et al, 1980). a-Actinin is situated regularly along bundles and is enhanced near their contactassociated ends (Chen & Singer, 1982). Vinculin was also shown by Chen and Singer, by electron
microscopy, to be closer to the plasma membrane than actinin (Chen & Singer, 1982).
In the present studies, actin appeared in ruffles in human skin fibroblasts allowed to spread
for 100 minutes. A large proportion of the actin has previously been observed in long bundles of
microfilaments called stress fibres and in well spread cells, these often extend the length of the cell,
terminating at sites on the cell membrane where the cell makes strong but transient connections (focal
contacts) to the substratum (Abercrombie et ai, 1971). Although the arrangement of stress fibre
proteins is unknown, filamin (M, 250,000) is thought to be involved. It is a large, rod-shaped protein,
which is suggested to cross-link the actin microfilaments into bundles.
Fluorescent antibody techniques have shown that the distribution of tropomyosin is similar
to that of the actin filament. Actin has been shown to redistribute during the change of shape in
spreading fibroblasts (Hynes & Destree, 1978).

Immediately following trypsinization cells are

spherical and actin is present in perimeter ruffles, as well as diffusely over the body of the cell. Over
a period of five hours, the actin redistributes to polygonal arrays at the edge of the cell and stress
fibres which transverse the cell (Hynes & Destree, 1978).
Vimentin is one of the five major classes of intermediate filaments.

In fibroblasts, its

presence is dependent on the occurrence of microtubules. In these studies, vimentin-containing fibres
formed a network which radiated out to the peripheral edges of the cell, often terminating at focal
adhesion plaques. A network of vimentin fibres which stretches under the plasma membrane was
present in many areas of the cell.
As a cell spread it appeared to show a more organized cytoskeleton and an increased number
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of focal contacts.
These findings may prove relevant in the design of new collagen-based skin substitutes, where
cell spreading is an important parameter to be considered.
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CHAPTER 4 : THE EFFECT OF INCUBATION TIME AND TEMPERATURE OF
COLLAGEN WITH REACTIVE ALDEHYDES ON CELL SPREADING

4.1 INTRODUCTION

Collagen molecules comprise 3 a-chains which wind around each other to form a triple helix
which is proteolytically and thermally stable (Piez, 1984). Type 1 collagen is the major collagen of
skin, tendon and bone. It comprises two a 1(1) chains together with one a2 chain. Type III collagen
comprises three al(III) chains. Circular dichroism measurements have shown that a sharp transition
of the collagen type I triple helix to a random coil conformation occurs at 41,4°C (Notbohm et al,
1992) and polarimetry dénaturation curves have demonstrated that when the unfolding of the triple
helix is monitored, there is a half transition at about 41°C (Condell et al, 1988), Therefore, thermal
motion can overcome the forces that stabilize the triple-stranded helix. Although, in vivo, collagen is
cross-linked naturally (Ricard-Blum & Ville, 1988), it can gain additional strength by the introduction
of synthetic cross-links (Wold, 1972), This introduction of cross-links can give both chemical and
physical stability to the collagen molecule (Koide et al, 1993) and therefore the collagen molecule
might also be less susceptible to dénaturation (Roe et al, 1990),
It was observed that the preparation temperature of native and modified collagen solutions
influenced the protein’s structure (Chapter 2), I have also shown that modification of collagen with
a reactive aldehyde resulted in an enhancement of cell spreading and suggested that this was related
to an alteration of the protein’s structure. From these observations, it might be expected that the extent
of cell spreading is influenced by the preparation temperature of the substrate. Therefore, in the
present chapter, I will describe experiments which investigate whether the preparation temperature of
a collagenous substrate, whether native or modified, does, in fact, affect cell spreading.
It is, as yet, unclear whether the length of incubation during preparation of the collagenous
substrates plays any role in influencing cell spreading. Therefore, the experiments described also
investigate this parameter.
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4.2 METHODS

4.2.1 Chemical Modification of Collagen

Calf skin collagen was dissolved in 0.15 M acetic acid and chemically modified by incubation
with either malondialdehyde, glutaraldehyde or hexadienal to give a final collagen concentration of 50
|ig/ml and a final aldehyde concentration of 50 mM. The incubation was carried out at a temperature
of either 35°C, 37°C, 38.5°C or 40°C. At each temperature four incubations were set up, each for a
different time period. The time periods were 6, 12, 20 and 24 hours. A native collagen solution was
also incubated at these temperatures and for the similar times. All incubations were carried out in
duplicate.

4.2.2 Cell Spreading on the Collagen Substrates

Slides were coated with the collagen solutions and allowed to air dry. The collagen films
were used by human fibroblasts as a substrate.

A cell spreading experiment was performed as

previously described. The cells were stained and the slides mounted.

4.2.3 Analysis of Area and Form Factor

The areas and various other statistical measurements were made using the image analysis
system (see Chapter 3).
The statistical measurements were corrected to allow direct comparisons to be made of all
results for all experiments.
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4.3 RESULTS

4.3.1 Cell Spreading on the Modified Collagen Substrates

The cell spreading experiment on collagen modified with hexadienal was carried out on the
same occasion as the spreading experiment on collagen pretreated with glutaraldehyde. Therefore, the
results are directly comparable. However, the cell spreading experiments on collagen modified with
malondialdehyde and native collagen were performed on two other separate occasions. The geometric
mean cell area measurements were therefore corrected to make the results comparable.
Normalization was achieved using the ratios between geometric mean cell areas for cells
spread on glass, under standard conditions, in each separate cell spreading experiment.

4.3.1.1 The Effect of Incubation Time and Temperature of Collagen on Cell Spreading

A native collagen solution was incubated at a temperature of either 35°C, 37°C, 38.5°C or
40°C. At each temperature four incubations were set up, each for a different time period. The time
periods were 6, 12, 20 and 24 hours. The native collagen solution was then used to coat glass slides
and the solutions were allowed to airdry. A cell spreading experiment was then carried out, as
previously described.
The corrected results show the extent of cell spreading by human skin fibroblasts on a number
of native collagen substrates, 100 minutes after plating (Table 4.1). Table 4.2 shows the % increase
in cell spreading, relative to cell spreading on glass.
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Table 4.1
Geometric Mean Cell Areas of Human Skin Fibroblasts Spread on Collagen

Length of
incubation (h)

Temperature of incubation (°)
35

37

38.5

40

6

473 ± 47

497 ± 6

380 ± 23

348 ± 13

12

567 ± 45

506 ± 6

371 ± 35

342 ± 7

20

562 ± 21

498 ± 11

389 ± 17

347 ± 1

24

511 ± 3

450 ± 12

388 ± 6

335 ± 39

Geometric mean cell areas were measured as pm^ ± S.D. The cell areas are corrected values,
n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
°C = temperature of substrate incubation, during preparation
h = length of substrate incubation, during preparation
For cells allowed to spread on glass, geometric mean cell area was 438 ± 6
The uncorrected raw data are shown in Appendix 24.
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Table 4.2
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Collagen

Temperature of incubation (°)

Length of
incubation (h)

35

37

38.5

40

6

51

58

21

11

12

81

61

18

9

20

79

59

24

11

24

63

43

24

7

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
The average % increase in cell spreading was calculated relative to spreading on glass.
The average % increases in mean cell area are shown in Appendix 28.

Cell spreading was significantly greater on native collagen than on glass (p < 0.05) (Table
4.1). Cells allowed to spread on collagen, which had been incubated at 35°C during preparation,
exhibited a significant enhancement in cell spreading of approximately 70 % relative to spreading on
glass (p < 0.04). For collagen solutions incubated at 37°C, the enhancement in spreading on them, by
comparison with cell spreading on uncoated glass, was also extensive at approximately 55 % (p <
0.005), although this was less than for solutions incubated at 35°C. The extent of cell spreading
lessened as the temperature of collagen incubation, during its preparation, was increased. Cells spread
only about 20 % more on collagen solutions incubated at 38.5®C, than on uncoated glass (Table 4.2).
This enhancement was not significant for those solutions incubated for the shorter time periods ie. 6
or 12 hours (p > 0.05). However, the enhancement in cell spreading was significant for solutions
incubated for 20 and 24 hours (p < 0.03). Human skin fibroblasts that were plated onto collagen
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which had been incubated at 40®C during preparation, exhibited only a small enhancement in
spreading: approximately 10 %, by comparison with spreading on uncoated glass.
The length of incubation of the collagen solutions during preparation (6, 12, 20 or 24 hours)
did not affect the extent of cell spreading (p > 0.05).

4.3.1.2 The Effect of Incubation Time and Temperature of Maiondialdehyde-Treated Collagen
on Cell Spreading

Collagen was modified with malondialdehyde at a temperature of either 35°C, 37°C, 38.5®C
or 40°C. At each temperature four incubations were set up, each for a different time period. The time
periods were 6, 12, 20 and 24 hours. The malondialdehyde-treated collagen solution was then used
to coat glass slides and the solutions were allowed to airdry. A cell spreading experiment was then
carried out, as previously described.
Table 4.3 shows the extent of human fibroblast spreading on collagen substrates, pretreated
with malondialdehyde, which had been incubated for different times and temperatures during
preparation. Table 5.4 illustrates the % increase in cell spreading, relative to cell spreading on glass.
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Table 4.3
Geometric Mean Cell Areas of Human Skin Fibroblasts Spread on Maiondialdehyde-Treated
Collagen

Length of
incubation (h)

Temperature of incubation (°)
35

37

38.5

40

6

591 ± 6

550 ± 52

534 ± 11

605 + 77

12

596 ± 11

528 ± 53

497 ± 59

666 ±132

20

630 ± 0

571 ± 71

519 ± 2

609 + 4

24

580 ± 2

593 ± 17

515 ± 4

679 ± 144

Geometric mean cell areas were measured as pm^ ± S.D. The cell areas are corrected values,
n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.

°C = temperature of substrate incubation, during preparation
h = length of substrate incubation, during preparation
For cells allowed to spread on glass, geometric mean cell area = 351 ± 17
For cells allowed to spread on collagen, which had been prepared at 37°C for 20 h, geometric mean
cell area = 577 ± 0
The uncorrected raw data are shown in Appendix 25.
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Table 4.4
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Maiondialdehyde-Treated
Collagen

Length of
incubation (h)

Temperature of incubation (°)
35

37

38.5

40

6

96

82

77

101

12

97

75

65

121

20

109

89

72

102

24

92

96

71
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n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
The % increase in cell spreading was calculated relative to spreading on glass.
The average % increases in mean cell area are shown in Appendix 29.

Human skin fibroblasts allowed to spread on collagen, prepared at 37°C for 20 hours, spread
64 % more than cells which were allowed to spread on uncoated glass. Cells allowed to spread on
collagen, pretreated with malondialdehyde at 37°C for 20 hours, exhibited an enhancement of 15 %
in cell spreading, with respect to cell spreading on native, unmodified collagen, also prepared at 37°C
for 20 hours.
Cells allowed to spread for 100 minutes on collagen solutions, modified with
malondialdehyde, spread to a markedly greater extent, by comparison with cell spreading on either
glass or native collagen, irrespective of the temperature or length of the incubation period of the
solution (p < 0.05) (Table 4.3).
Cells spread to a greater extent on substrates prepared at the lower temperatures, than on those
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substrates prepared at 38,5°C and above. The % enhancement in cell spreading, by comparison with
spreading on glass, was approximately 100 % on collagen modified with malondialdehyde at 35°C (p
< 0.0025) and 90 % on collagen modified at 37°C (p < 0.035). When collagen was incubated with
malondialdehyde at 38.5°C, the % enhancement in cell spreading, relative to spreading on glass,
appeared to be less than on collagens incubated at lower temperatures. However, only cells allowed
to spread on collagen treated with malondialdehyde for the longest of the tested time periods ie. 24
hours, spread significantly less when the substrate was prepared at 38.5°C than cells spread on
malondialdehyde-treated collagen incubated at 37°C during preparation (p = 0.02).

Surprisingly,

greater cell spreading was observed on collagen modified with malondialdehyde at 40°C for 20 hours
than on collagen which had been pretreated with malondialdehyde at 38.5°C (p = 0.001). The %
enhancement in cell spreading for collagen incubated at 40®C, relative to spreading on glass, was
significant at approximately 110 % (p < 0.05) (Table 4.4).
The length of time for which malondialdehyde was incubated at 37°C, 38.5®C or 40°C with
collagen did not affect the extent of cell spreading (p < 0.05). However, when collagen was incubated
with malondialdehyde at a temperature of 35®C, cells spread to a significantly greater extent on
collagen which had been modified for 20 hours than on collagen modified for any other of the tested
time periods (p < 0.05).

4.3.1.3 The Effect of Incubation Time and Temperature of Hexadienal-Treated Collagen on Cell
Spreading

Collagen was modified with hexadienal at a temperature of either 35®C, 37®C, 38.5®C or
40®C. At each temperature four incubations were set up, each for a different time period. The time
periods were 6, 12, 20 and 24 hours. The hexadienal-treated collagen solution was then used to coat
glass slides and the solutions were allowed to airdry. A cell spreading experiment was then carried
out, as previously described.
Table 4.5 illustrates the extent of human skin fibroblast spreading on various collagen
substrates, which had been pretreated with 2,4-hexadienal for varying time periods and temperatures.

137
Cells allowed to spread on collagen pretreated with hexadienal exhibited enhanced cell spreading by
comparison with spreading on native collagen or on uncoated glass (Table 4.5). Table 4.6 shows the
% enhancement of in cell spreading, relative to spreading on a glass substrate.

Table 4.5
Geometric Mean Cell Areas of Human Skin Fibroblasts Spread on Hexadienal-Treated Collagen

Temperature of incubation (°)

Length of
incubation (h)

35

37

38.5

40

6

691 ± 8

638 ± 18

589 ± 3

597 ± 15

12

737 ± 16

643 ± 6

588 ± 23

521 ± 111

20

667 ± 30

680 ± 21

581 ± 2

537 ± 26

24

618 ± 7

720 ± 6

656 ± 6

573 ± 11

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Geometric mean cell areas were measured as pm^ ± S.D.
°C = temperature of substrate incubation, during preparation
h = length of substrate incubation, during preparation
For cells allowed to spread on glass, geometric mean cell area = 300 ± 14
For cells allowed to spread on collagen, which had been prepared at 37°C for 20 h, geometric mean
cell area = 480 ± 0
The uncorrected raw data are shown in Appendix 26.
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Table 4.6
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Hexadienal-Treated Collagen

Length of
incubation (h)

Temperature of incubation (°)
35

37

38.5

40

6

124

107

91

94

12

139

109

91

69

20

117

121

89

74

24

101

134

113

86

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Collagen, incubated at 37°C for 20 h, showed a 56 % increase in cell spreading, relative to spreading
on glass
The average % increase in cell spreading was calculated relative to spreading on glass.
The average % increases in mean cell areas are shown in Appendix 30.

Cells allowed to spread on collagen, pretreated with hexadienal at 37°C for 20 hours,
exhibited an enhancement of 42 % in cell spreading, with respect to cell spreading on native,
unmodified collagen, also prepared at 37°C for 20 hours (Table 4.6).
Cells allowed to spread for 100 minutes on collagen solutions, which had been modified with
hexadienal, exhibited a significant enhancement in cell spreading, by comparison with spreading on
either native collagen or glass (p < 0.05) (Table 4.5).
For the solutions incubated at 35°C and 37°C the % increase in spreading was about 120 %,
relative to spreading on glass (Table 4.6) (p < 0.0055). The extent of cell spreading appeared to be
less as the incubation temperature of the substrate was raised. This was, however, not always a
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significant effect. The effect was significant for cells allowed to spread on collagen modified at 35°C
for 12 hours, by comparison with spreading on collagen modified for 12 hours at 37°C (p = 0.011).
It was observed that cells spread to a significantly lesser extent when the incubation temperature of
collagen and hexadienal was raised from 37°C to 38.5°C, when the length of incubation was either 20
or 24 hours (p = 0.022; p = 0.008) by comparison to 6 or 12 hours, and also when the temperature
was raised from 38.5°C to 40°C for solutions incubated for 24 hours (p = 0.011).
By comparison to spreading on glass, a significant enhancement (p = 0.0055) of approximately
100 % was observed for collagen pretreated with hexadienal at 38.5°C and although this dropped to
roughly 60 % for solutions incubated at 40®C, the increase was still significant (p < 0.009).
Like native collagen or collagen modified with malondialdehyde, and with one exception, the
length of incubation of collagen solutions during preparation (6, 12, 20 or 24 hours) did not affect the
extent of cell spreading (p < 0.05). Surprisingly, cells spread significantly more on hexadienal-treated
collagen, prepared at 38.5°C for 24 hours, than cells which were allowed to spread on collagen
modified at the same temperature, but for a little longer (24 hours) (p = 0.003).

4.3.1.4 The Effect of Incubation Time and Temperature of Glutaraldehyde-Treated Collagen on
Cell Spreading

Collagen was modified with glutaraldehyde at a temperature of either 35°C, 37°C, 38.5°C or
40°C. At each temperature four incubations were set up, each for a different time period. The time
periods were 6, 12, 20 and 24 hours. The glutaraldehyde-treated collagen solution was then used to
coat glass slides and the solutions were allowed to airdry. A cell spreading experiment was then
carried out, as previously described.
Tables 4.7 and 4.8 show the extent of human skin fibroblast spreading on collagen substrates,
which had been pretreated, for varying times and at varying temperatures, with glutaraldehyde. Cells
allowed to spread on collagen pretreated with glutaraldehyde displayed enhanced cell spreading, by
comparison with spreading on native collagen or glass (p < 0.04) (Tables 4.7 & 4.8).
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Table 4.7
Geometric Mean Cell Areas of Human Skin Fibroblasts Spread on Glutaraldehyde-Treated
Collagen

Temperature of incubation (°)

Length of
incubation (h)

35

37

38.5

40

6

551 ± 4

596 ± 25

657 ± 4

579 ± 74

12

753 ± 30

804 ± 18

721 ± 5

602 ± 43

20

815 ± 113

684 ± 18

711 ± 72

506 ± 6

24

651 ± 25

596 ± 12

548 ± 49

544 ± 18

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
Geometric mean cell areas were measured as pm^ ± S.D.
°C = temperature of substrate incubation, during preparation
h = length of substrate incubation, during preparation
For cells allowed to spread on glass, geometric mean cell area was 300 ± 14
For cells allowed to spread on collagen, which had been incubated at 37®C for 20 h, the geometric
mean cell area was 480 ± 0
The uncorrected raw data are shown in Appendix 27.
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Table 4.8
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Glutaraldehyde-Treated
Collagen

Length of
incubation (h)

Temperature of incubation (°)
35

37

38.5

40

6

79

94

113

88

12

144

161

134

95

20

165

122

131

64

24

111

94

78

77

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
The average % increase in cell spreading was calculated relative to spreading on glass.
The average % increases in mean cell area are shown in Appendix 31.

Cells plated onto collagen, prepared at 37°C for 20 h, showed a 56 % enhancement in cell
spreading, relative to spreading on glass. Cells allowed to spread on collagen, which had been
modified with glutaraldehyde at 37°C for 20 hours, displayed an increase of 43 % in cell spreading,
relative to spreading on native, untreated collagen, also prepared at 37°C for 20 hours (Table 4.8).
The extent of cell spreading on substrates of collagen that were treated with glutaraldehyde
did not alter significantly when the incubation temperature was raised either from 35°C to 37°C, 37°C
to 38.5°C or from 38.5°C to 40°C (p > 0.055) (Table 4.7).
The length of the incubation did not influence the extent of cell spreading for solutions
prepared at either 35°C or 38.5°C, when the incubation period exceeded 12 hours (p > 0.118).
However, solutions prepared at these temperatures displayed significantly less cell spreading on a
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substrate which had been incubated for only 6 hours (p = 0.011; p = 0.005), by comparison with an
incubation period of 12 hours. Substrates prepared at 37°C were affected by the length of incubation.
Cell spreading was significantly greater on substrates incubated for 12 hours, by comparison with an
incubation time of 6 (p = 0.019) or 20 hours (p = 0.044) and spreading on substrates incubated for 24
hours was significantly less than on a similar substrate incubated for 20 hours (p = 0.028). The
incubation period was not important for solutions prepared at 40°C (p > 0.085) (Table 4.7).

On a substrate of collagen modified with malondialdehyde, the extent of spreading lessened
as the temperature of incubation increased from 35°C to 38.5°C. Unexpectedly, cells plated onto
collagen modified with malondialdehyde at 40°C, spread more than on collagen treated with
malondialdehyde at lower temperatures. The extent of cell spreading on hexadienal-treated collagen
appeared to lessen as the incubation temperature of the substrate increased, although the effect was not
always significant. The extent of cell spreading on substrates of collagen that had been modified with
glutaraldehyde did not change significantly when the temperature of incubation was raised from either
35°C to 37°C, 37°C to 38.5®C or from 38.5°C to 40°C.
Spreading was less on a native collagen substrate than on collagen pretreated with a reactive
aldehyde, irrespective of incubation time and temperature.
As previously observed in the reactive aldehyde experiment in chapter 3, cell spreading on
collagen pretreated with glutaraldehyde was greatest and least on collagen modified with
malondialdehyde, when the incubation conditions were standard for my experiments ie. an incubation
temperature of 37°C and time of 20 hours.
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4.3.2

Cell Spreading on Modified Collagen, Relative to Spreading on Native Collagen Prepared

for the Same Time and at the Same Temperature

4.3.2.1 Cell Spreading on Malondialdehyde-Treated Collagen, Relative to Spreading on Native
Collagen Prepared for the Same Time and at the Same Temperature

Cell spreading on malondialdehyde-treated collagen, prepared at any temperature and
incubated for any time period, was enhanced by comparison to cell spreading on native collagen,
prepared at the same temperature and for an equal length of time (Table 4.9). However, there was
considerable variation in the extent of this enhancement.

Table 4.9
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Malondialdehyde-Treated
Collagen, Relative to Spreading on Collagen Prepared for the Same Time and at the Same
Temperature

Temperature of incubation (°)

Length of
incubation (h)

35

37

38.5

40

6

25

11

41 ♦♦

74 **

12

5

4

34

95 ♦

20

12 **

15

33 ♦*

76 ♦*

24

14 **

32 *♦

33 **

103 ♦

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
% increase was relative to spreading on collagen at the same time and temperature.
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** denotes a statistically significant difference at the 95 % level (p < 0.05)
* denotes a statistically significant difference at the 90 % level (p < 0.1)

Cell spreading on collagen modified with malondialdehyde at 35°C was only significantly
greater than on collagen, prepared at the same incubation temperature and for the same length of time,
when the incubation period was 20 or 24 hours (p = 0.043; p = 0.001). Cell spreading on collagen
pretreated with malondialdehyde at 37°C for 24 hours was significantly greater than on native collagen
substrate also prepared at 37®C for 24 hours (p = 0.01). However, cells did not spread significantly
more on collagen modified with malondialdehyde, at the same temperature, for less than 24 hours, by
comparison with spreading on collagen prepared for the same length of time and at the same
temperature (p > 0.28).

With one exception, cell spreading on collagen pretreated with

malondialdehyde at either 38.5°C or 40°C for any time period was enhanced, by comparison with
spreading on an unmodified collagen substrate, which had been prepared at the same temperature for
the same period of time.

Cells allowed to spread for 100 minutes on collagen modified with

malondialdehyde at 38.5°C for 12 hours, showed a 34 % increase in geometric mean cell area, relative
to spreading on collagen prepared for the same time and at the same temperature. However, this was
not significant due to large variation between replicates.
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4.3 2.2 Cell Spreading on Hexadienal-Treated Collagen, Relative to Spreading on Native
Collagen Prepared for the Same Time and at the Same Temperature

Table 4.10
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Hexadienal-Treated Collagen,
Relative to Spreading on Collagen Prepared at the Same Temperature for the Same Period of
Time

Length of
incubation (h)

Temperature of incubation (°)
35

37

38.5

40

6

46 **

28 ♦*

55 ♦*

72 **

12

30 **

27 *♦

58 ♦*

52

20

19 *

37 **

49 **

55 **

24

21 *♦

60 ♦*

69 **

72 **

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
% increase is relative to spreading on collagen at the same time and temperature.
** denotes a statistically significant difference at the 95 % level (p < 0.05)
* denotes a statistically significant difference at the 90 % level (p < 0.1)

Cell spreading on hexadienal-treated collagen was markedly greater, relative to cell spreading
on native, untreated collagen which was prepared at the same temperature and for the same period of
time as the hexadienal-treated collagen (Table 4.10). This enhancement was significant for substrates
prepared at any temperature from 35® to 40°C for any length of time from 6 to 24 hours, with one
exception: although the enhancement in geometric mean cell area was 52 % on collagen pretreated
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with hexadienal at 40°C for 12 hours, by comparison with spreading on collagen prepared at the same
temperature for the same period of time, the enhancement was not statistically significant (p > 0.1).
This was due to a large variation in cell size between replicates.

4.3.2.3 Cell Spreading on Glutaraldehyde-Treated Collagen, Relative to Spreading on Native
Collagen Prepared for the Same Time and at the Same Temperature

Table 4.11
Mean % Increase in Geometric Mean Cell Area of Cells Spread on Glutaraldehyde-Treated
Collagen, Relative to Spreading on Collagen Prepared at the Same Temperature for the Same
Period of Time

Temperature of incubation (°)

Length of
incubation (h)

35

37

38.5

40

6

8

20 **

73 **

66 *♦

12

33 ♦♦

59 **

94 ♦♦

76 *♦

20

45 ♦

37 **

83 *♦

46 *♦

24

27 ♦*

32 **

41 **

62 **

n=2
n = number of independent experiments. In each experiment, 100 cell areas were measured.
The % increase in cell spreading was calculated relative to spreading on a collagen substrate which
was prepared and incubated for the same time and at the same temperature.
** denotes a statistically significant difference at the 95 % level (p < 0.05)
* denotes a statistically significant difference at the 90 % level (p < 0.1)
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Cells spread to a much greater extent on glutaraldehyde-treated collagen than on untreated
collagen which was prepared at the same temperature and for the same period of time as the modified
collagen (Table 4.11). With one exception, this increase was significant for substrates prepared at any
temperature from 35°C to 40°C for any length of time from 6 to 24 hours: the increase in geometric
mean cell areas was only 8 % on collagen pretreated with glutaraldehyde at 35®C for 6 hours, by
comparison with spreading on collagen prepared at the same temperature for the same period of time,
and was not statistically significant.
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4.4 DISCUSSION

Cell spreading on native collagen was greatest on those substrates prepared at 35°C. As the
preparation temperature of native collagen was increased from 35°C to 40®C, the extent of cell
spreading on the native collagen substrate decreased. From work on the adhesion of A2058 melanoma
cells to native and heat-denatured type I collagen, it has been suggested that ROD sites may be masked
in the native protein, but exposed on dénaturation (Davis, 1982). However, calf skin collagen has been
shown to have a dénaturation temperature of 41.4°C (Notbohm et al, 1992) and my circular dichroism
measurements (Chapter 2) have also shown that secondary structure is retained in native collagen
substrates prepared at any temperature from 35°C to 40°C. The increase in preparation temperature
may have caused minor conformational changes in the protein, despite the fact that the collagen was
not denatured, which resulted in the cells spreading to a lesser extent.

This small structural

modification may have led to the obstruction of ROD and other cell binding motifs which would
normally be exposed in native collagen. In support of this, topographical organization has been shown
to influence the extent of cell spreading on collagen substrates (Grinnell et al, 1989). Alternatively,
the binding of cell membrane receptors ie. integrins, to peptide binding sequences could be strictly
dependent on the three-dimensional conformation of the active site peptide (Humphries, 1990). The
conformation of the active site peptide may be altered by changing the incubation temperature of the
substrate.
In the present work, cell spreading on malondialdehyde-treated collagen was greatest on
collagen pretreated with malondialdehyde at 35°C. As the incubation temperature of malondialdehydetreated collagen was increased from 35°C to 38.5°C, the extent of cell spreading lessened, despite the
fact that the circular dichroism measurements, which were reported in Chapter 2 showed that no
dénaturation had occurred. Since topography of collagenous substrates affects cell spreading (Grinnell

et al, 1989), this effect could be due to small structural changes causing obstruction of various cell
binding sequences, that would be exposed at the lowest temperatures. Another explanation might be
that the affinity of ligand-receptor binding was lowered, due to changes in the three-dimensional
conformation of the peptide recognition sites (Humphries, 1990).
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By contrast to cell spreading on native collagen, the cells spread at least as well on collagen
that was exposed to 50 mM malondialdehyde at 40°C as on collagen that was modified at temperatures
between 37°C and 38.5°C. I have previously shown (Chapter 2) that collagen, prepared at 40°C with
malondialdehyde, is denatured whereas collagen prepared at lower temperatures with malondialdehyde
is not. Since it has been suggested that the loss of secondary structure in collagen has been associated
with the exposure of additional ROD sites (Davis, 1982), it seems likely that the dénaturation of
collagen exposes ROD sequences which are normally obstructed and that this results in the observed
enhanced cell spreading.
The extent of cell spreading on hexadienal-treated collagen, prepared at 35°C or 37°C, was
approximately the same. At incubation temperatures above 37°C however, the extent of cell spreading
lessened as the incubation temperature was increased. Since my circular dichroism results (Chapter
2) have shown that the secondary structure of hexadienal-treated collagen is retained when the
incubation temperature is between 35®C and 40°C, the increase in preparation temperature may result
in small structural changes in the protein, despite the fact that the protein was not denatured. This may
have led to the observed reduction in cell spreading, with increasing preparation temperature of the
substrate. Topographical organization has been shown to influence the extent of cell spreading on
collagen substrates (Grinnell et al, 1989) and may have been a factor, leading to the obstruction of
ROD and other cell binding motifs which would normally be exposed at the lower temperatures.
In my experiments, cell spreading was greater on collagen pretreated with glutaraldehyde at
35°C than on collagen modified with glutaraldehyde at higher temperatures.

At preparation

temperatures above 35°C, the extent of cell spreading lessened as the temperature was raised. My
circular dichroism results (Chapter 2) have shown that, under my experimental conditions, collagen
modified with glutaraldehyde at incubation temperatures of 37°C and above was denatured. Recent
studies on the adhesion of A2058 melanoma cells to native and heat-denatured type I collagen, have
indicated that ROD sites could be concealed in the native protein, but be exposed upon dénaturation
(Davis, 1982). If ROD was either the only cell binding sequence or the major sequence involved in
cell adhesion, it might be expected that dénaturation would therefore lead to an increase in cell
spreading. My results, however, indicate that cells spread to a lesser extent upon dénaturation. As

150
well as RGD sequences being exposed on dénaturation, Davis (1982) also suggests that another cell
binding motif, DGEA, present in type I collagen and recognized by the ajP, integrin (Staatz et al,
1991), becomes masked during this process. Since different cell lines and cell strains have been shown
to employ different cell binding sequences by selective expression of integrins (Hynes, 1992), human
skin fibroblasts might be expected to use other binding sequences to A2058 melanoma cells. It seems
likely that dénaturation causes some sequences to be exposed, but, simultaneously, others to become
obstructed. Since I observed that cells spread to a lesser extent on denatured glutaraldehyde-treated
collagen, it appears probable that either more binding sequences are obscured than exposed or that
those sequences obscured play a more major role in cell adhesion than those sequences which were
exposed upon dénaturation.
The corrected geometric mean cell areas allow the extent of cell spreading on the various
substrates to be compared and analyzed. The trend in my results for cell spreading on both native and
modified collagen, prepared at 37°C for 20 hours (ie. the standard incubation conditions in all my
former cell spreading experiments), is in agreement with those results which I have described in
Chapter 3 ie. human skin fibroblasts exhibit enhanced cell spreading on collagen which has been
modified with a reactive aldehyde, by comparison with spreading on native, untreated collagen. Cells
spread most on glutaraldehyde-treated collagen and least on malondialdehyde-treated collagen. The
same trend was also observed for cells allowed to spread on collagens modified, for the same length
of time, at 35°C or 38.5°C. However, for collagen modified at 40°C, although cell spreading on the
modified substrates was enhanced by comparison with cell spreading on native, unmodified collagen,
cells spread most on malondialdehyde-treated collagen and least on glutaraldehyde-treated collagen.
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CHAPTER 5: THE ROLE OF RGD DURING BINDING TO A COLLAGEN SUBSTRATE

5.1 INTRODUCTION

Arg-Gly-Asp-Ser (RODS) was found to be an active tetrapeptide within fibronectin which
mediated many of fibronectin's cell adhesive functions (Pierschbacher & Ruoslahti, 1984; Yamada &
Kennedy, 1984). The cell attachment property was retained after substitution of various amino acid
residues for the serine at the carboxy terminus. Thus, RGD (Arg-Gly-Asp) was identified originally
as the minimal sequence in fibronectin which mediates cell attachment. RGD is present in over 100
other proteins including collagen. Each type I collagen molecule contains 8 RGD sequences (two in
each a 1(1) chain and four in the a2(I) chain).
The accessibility of the RGD sequence, which is due to the protein’s conformation, determines
whether RGD is involved in cell adhesion. The amino acids immediately adjacent to the RGD
sequence also influence the functionality of the RGD motif. A number of properties of cell binding
proteins can be imitated by short peptides containing RGD. Conformation changes of the RGD
sequence within these peptides, results in alterations in integrin specificity and binding activity
(D’Souza er a/., 1991).
Cell-substrate adhesion is mediated by some members of the integrin family, which recognize
the RGD sequence in proteins such as fibronectin and collagen. The RGD sequence in collagen has
been shown to be involved in cell binding via the

integrin. One aim of the work in this chapter

was to study the role that RGD plays during cell spreading on native and modified collagen substrates.
However, other integrins, eg. the azP, integrin, which binds Asp-Gly-Glu-Ala (DGEA) in type I
collagen (Staatz et al, 1991), recognize different sequences. Grinnell has proposed that fibroblasts are
able to bind to the differing recognition sites in collagen, depending on its topographical organization
(Grinnell et al, 1989). In Chapter 3, I showed that the physical structure of collagen is modified by
exposure in vitro to reactive aldehydes.

It was therefore necessary to determine whether RGD

mediates cell spreading to the same extent on modified collagen as on native collagen.
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5.2 METHODS

5.2.1 Preparation of the Substrates

Collagen was modified with malondialdehyde, 2,4-hexadienal or glutaraldehyde as described
in Chapter 2. Glass slides were coated with modified or native collagen and allowed to dry,

5.2.2 The Effect of Free RGD Peptide On Cell Spreading

Human fibroblast cells (from dystrophic animals) were trypsinized and centrifuged at approx.
100 g for 10 minutes. 50 % of the cells were resuspended in serum-free media and 50 % in serumcontaining media. The cells in serum-free media were divided between 2 vials, as were the cells in
serum-containing media. RGD (Sigma Chemical Co., St. Louis, USA) was diluted with distilled water.
This was then added to one vial holding serum-free media and one vial holding serum-containing
media to give the required final concentration.
The cell suspension in each vial containing the free RGD peptide was then divided again
between two vials. The cells in one of the two vials in each set containing RGD were resuspended
in its respective media.
A standard cell spreading experiment was then carried out on native collagen and
malondialdehyde-treated collagen substrates ie. the cell solutions were plated out onto the prepared
slides and incubated at 37°C for 100 minutes. The cells were then fixed, stained and the slides
mounted.

5.2.3 Image Analysis of the Cells

Statistical data were measured using the image analysis system referred to in Chapter 3.
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5.3 RESULTS

5.3.1 The Effect of the Free RGD Peptide on Cell Spreading

An initial experiment was carried out, in duplicate, to determine what effect the cell binding
sequence RGD, at a final concentration of 0.15 mg/ml, had in the adhesion of human cells to collagen
substrates.
At this concentration, RGD had no significant effect (p > 0.05) on cell spreading. Little size
variation was observed between cells allowed to spread either in RGD-containing or RGD-firee
medium, on either a native collagen or malondialdehyde-treated collagen substrate. The process of
resuspending the cell suspension which contained RGD did not significantly alter the spreading
response, by comparison to when resuspension was not carried out.
There appeared to be a slight suppression of cell spreading, however, when RGD was added
to cells, which were then allowed to spread on native collagen. If RGD was added and the cells then
resuspended in fresh medium, this inhibition was removed and the cell spreading on a collagen
substrate was greater than if resuspension was not carried out.

The addition of PCS caused a

promotion of cell spreading on both native and modified collagen. However, none of these effects
were significant (p > 0.05).
In a subsequent experiment, the methodology was the same as for the previous cell spreading
experiment, except that the final peptide concentration was 0.5 mg/ml, and spreading on a larger
number of substrates was studied: cells were allowed to spread on collagen modified with
malondialdehyde, hexadienal or glutaraldehyde, as well as on native collagen. Two cell strains (CH
and JV) were employed, and the experiment was carried out in triplicate with each cell strain. The
raw data for this experiment are shown in Appendices 32, 33, 34 and 35.
For both cell strains CH and JV, the enhancement in cell spreading, compared to cell
spreading on native collagen, was greatest for cells allowed to spread on glutaraldehyde-treated
collagen and least for cells spread on malondialdehyde-treated collagen under "normal" conditions (ie.
serum-free; no RGD present) (Figures 5.1 & 5.3). This is in agreement with the results of the
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experiments carried out and referred to previously in Chapter 3 (See 3.3.5.1 and 3.3.5.2), which were
carried out to study the effect of substrate-modiflcation on cell spreading.
Without foetal calf serum, the presence of RGD caused an inhibition of cell spreading,
compared to when RGD was absent, although the inhibition was not significant on all tested substrates
(Figures 5.1 & 5.3). Cell spreading on native collagen was significantly inhibited by the presence of
RGD for both cell lines (p = 0.006; p = 0.007). The presence of RGD also caused a significant
inhibition of cell strain CH (p = 0.018) and cell strain JV (p = 0.003) spreading on glutaraldehydetreated collagen. Although cell strain JV spreading on malondialdehyde-treated collagen was inhibited
by the free peptide RGD (p = 0.024), spreading of cell strain CH on the same substrate was not
significantly reduced by RGD (p = 0.477). The RGD peptide did not affect the spreading of either
cell strain on hexadienal-treated collagen (p = 0.246; p = 0.234).
In the case of most substrates for cell strain CH, the inhibition of cell spreading in the
absence of PCS caused by the RGD appeared to be partly removed by resuspending the RGDcontaining cell suspension in fresh RGD-free medium. However, this effect was, in general, not
significant. The inhibition was not removed, to a significant extent, on either collagen, hexadienaltreated collagen or glutaraldehyde-treated collagen for cell strain CH cells (p > 0.066). Also, strain
CH cells, to which RGD had been added, and which had then been resuspended in RGD-free medium,
appeared to spread to a lesser extent on malondialdehyde-treated collagen than cells allowed to spread
either in the presence (p = 0.241) or absence (p = 0.057) of RGD on the same substrate of
malondialdehyde-treated collagen, but this was also not significant.
The process of resuspending cells in RGD-free medium did not remove any inhibition of cell
spreading on any of the modified substrates for cell strain JV cells (p > 0.157), caused by the free
RGD peptide. However, strain JV cells, to which RD had been added and which then had been
resuspended in fresh RGD-free medium, spread significantly more on a native collagen substrate in
serum-free conditions than the same cells which had not been washed and were either in the presence
(p = 0.000) or absence (p = 0.001) of RGD. This observation was unexpected and it is possible that
the enhancement of cell spreading was due to the presence of an artefact.
Cell strain JV fibroblasts spread, in serum-free conditions, to a significantly greater extent
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than cell strain CH fibroblasts (p < 0.013) (Figures 5,1 & 5.3). The inhibition of cell spreading caused
by the free RGD peptide and also the effect of subsequent resuspension in RGD-free medium was also
greater than for cell strain CH. 25 % inhibition of cell spreading was caused by the addition of RGD
to cell strain JV fibroblasts. Under the same conditions, there was 12 % inhibition of cell spreading
for cell strain CH fibroblasts.
Both cell strain CH and cell strain JV human skin fibroblasts allowed to spread in the
presence of PCS (in the absence of RGD), spread most on malondialdehyde-treated collagen and least
on glutaraldehyde-treated collagen (Figures 5.2 & 5.4). These observations for cell spreading in the
absence of RGD and in the presence of foetal calf serum are in contrast to the results for spreading
in serum-free conditions, where cells spread most on glutaraldehyde-treated collagen. Spreading on
collagen which had been pretreated with glutaraldehyde was significantly less (p = 0.001) than
comparable spreading on a native, collagen substrate for cell strain CH, but was not for cell strain JV
(p = 0.492). In serum-free conditions cells spread least on native, untreated collagen and more on the
modified substrates.
Figures 5.5 and 5.6 repeat the results shown in Figures 5.1 and 5.2. Figures 5.5 and 5.6 are
presented with the y axes, showing geometric mean cell area, to the same scale in order to allow easier
comparison of the effect of serum on cell spreading. Figures 5.7 and 5.8 repeat the results shown in
Figures 5.3 and 5.4, for the same reason.
Human skin fibroblasts spread more in the presence of PCS than in serum-free conditions on
comparable substrates. Both cell strain CH (Figures 5.5 & 5.6) and cell strain JV (Figures 5.7 & 5.8)
showed significantly enhanced cell spreading in serum-containing conditions, by comparison to when
serum was absent (p < 0.003).
For cell strain JV, the addition of the free RGD peptide caused a significant inhibition of cell
spreading, in the presence of PCS, on native, untreated collagen as well as all of the modified
substrates (p < 0.019). Cell spreading of cell strain CH fibroblasts was also significantly inhibited on
collagen which had been modified with malondialdehyde (p = 0.0000) and collagen which had been
pretreated with hexadienal (p = 0.008). However, cell spreading on both collagen (p = 0.479) and
glutaraldehyde-treated collagen (p = 0.084) was not markedly reduced by the presence of RGD.
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The process of resuspending the cells, to which RGD had been added, in fresh serumcontaining, but RGD-free medium, did significantly reduce the inhibition of cell spreading, caused by
the addition of RGD, for cell strain JV on native collagen and all modified substrates (p < 0.031).
However, the effect of this resuspension process on cell strain CH cells was not as marked and only
significant on collagen which had been pretreated with malondialdehyde (p = 0.028).
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Figure 5.1
Effect of RGD on Cell Strain CH Spreading in the Absence of PCS

Human skin fibroblasts were allowed to spread in serum-free conditions for 100 minutes either
in the presence or absence of RGD. Cells, to which RGD was added, were either resuspended in fresh
serum- and RGD-free medium or left in the original medium.

RGD was present at a final

concentration of 0.5 mg/ml and the cells were plated at a density of 2.5 x 10** cells/ml.

Figure 5.2
Effect of RGD on Cell Strain CH Spreading in the Presence of PCS

Human skin fibroblasts were plated at a density of 2.5 x 10^ cells/ml and allowed to spread,
either in the presence or absence of RGD. Cell spreading was carried out in FCS-containing medium
and for 100 minutes. The cells, to which RGD was added, were either resuspended in fresh serumcontaining, but RGD-free medium or left in their original medium. RGD was present at a final
concentration of 0.5 mg/ml.
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Figure 5.3
Effect of RGD on Cell Strain JV Spreading in the Absence of FCS

Human skin fibroblasts were allowed to spread in serum-free conditions for 100 minutes either
in the presence or absence of RGD. Cells, to which RGD was added, were either resuspended in fresh
serum- and RGD-free medium or left in the original medium.

RGD was present at a final

concentration of 0.5 mg/ml and the cells were plated at a density of 2.5 x 10'^ cells/ml.

Figure 5.4
Effect of RGD on Cell Strain JV Spreading in the Presence of FCS

Human skin fibroblasts were plated at a density of 2.5 x 10^ cells/ml and allowed to spread,
either in the presence or absence of RGD. Cell spreading was carried out in FCS-containing medium
and for 100 minutes.

The cells, to which RGD was added, were either resuspended in serum-

containing, but RGD-free medium or left in their original medium. RGD was present at a final
concentration of 0.5 mg/ml.
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Figure 5.5
Effect of RGD on Cell Strain CH Spreading in the Absence of FCS

Human skin fibroblasts were allowed to spread, either in the presence or absence of RGD.
The fibroblasts were plated at a density of 2.5 x 10'* cells/ml. Cell spreading was carried out in serumfree medium and for 100 minutes. The cells, to which RGD was added, were either resuspended in
serum- and RGD-free medium or left in their original medium.

RGD was present at a final

concentration of 0.5 mg/ml.

Figure 5.6
Effect of RGD on Cell Strain CH Spreading in the Presence of FCS

Human skin fibroblasts were allowed to spread in serum-containing conditions for 100 minutes
either in the presence or absence of RGD. Cells, to which RGD was added, were either resuspended
in FCS-containing, but RGD-free medium or left in the original medium. RGD was present at a final
concentration of 0.5 mg/ml and the cells were plated at a density of 2.5 x 10'* cells/ml.
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Figure 5.7
Effect of RGD on Cell Strain JV Spreading in the Absence of FCS

Human skin fibroblasts were plated at a density of 2,5 x 10^ cells/ml and allowed to spread,
either in the presence or absence of RGD. Cell spreading was carried out in serum-free medium and
for 100 minutes. The cells, to which RGD was added, were either resuspended in serum- and RGDfree medium or left in their original medium. RGD was present at a final concentration of 0.5 mg/ml.

Figure 5.8
Effect of RGD on Cell Strain JV Spreading in the Presence of FCS

Human skin fibroblasts were allowed to spread in serum-containing conditions for 100 minutes
either in the presence or absence of RGD. Cells, to which RGD was added, were either resuspended
in FCS-containing, but RGD-free medium or left in the original medium. RGD was present at a final
concentration of 0.5 mg/ml and the cells were plated at a density of 2.5 x 10'* cells/ml.
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5.4 DISCUSSION

5.4.1 The Effect of the Free RGD Peptide on Cell Spreading in Serum-Free Conditions

In serum-free conditions, the peptide RGD, when added at a final concentration of 0.15
mg/ml, had no effect on the extent of human skin fibroblast spreading (p > 0.05). However, at a
higher final concentration of 0.5 mg/mi, RGD did influence the extent of cell spreading. This is
consistent with observations made by Grinnell and co-workers that RGD inhibits human skin fibroblast
spreading in a dose-dependent fashion (Grinnell et al, 1989). Since a final RGD concentration of
either 0.125 mg/ml (Grinnell et al, 1989) or 0.15 mg/ml had no effect on the extent of cell spreading,
the following discussion concerns the effects of RGD, at a concentration of 0.5 mg/ml, on cell
spreading.
Whether collagen was in its native or modified form, in serum-free conditions human skin
fibroblasts spread to a lesser extent on collagen when RGD had been added to the cells. This agrees
with work carried out by Grinnell et al., where addition of the free RGD peptide, at the same
concentration as 1 used, caused significant inhibition of cell spreading on native collagen (Grinnell et

al, 1989). Other investigators have observed that the binding and spreading of cells is similarly
inhibited on vitronectin (Zhao & Sane, 1993), fibronectin (Pierschbacher & Ruoslahti, 1984b) and
other proteins containing the RGD sequence. Grinnell et al observed 50 % inhibition of cell spreading
on native collagen, in the presence of RGD, by comparison to when it was absent, but 1 observed
inhibition of only 25 % and 12 % on a comparable substrate for cell strains CH and JV respectively.
There are a number of possible explanations for the fact that 1 found less inhibition than
Grinnell et al, although the peptide concentration and cell type used was the same. First, in my work,
1 measured the areas of 300 randomly selected cells, rather than 50-100. Second, in my experiments,
cells were allowed to spread for 100 minutes rather than 60 minutes. Third, Grinnell et al used the
peptide Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP), whereas 1 employed the tripeptide Arg-Gly-Asp (RGD).
It has been suggested that the role of the flanking amino acids is to either enhance or suppress the
activity of the cell binding sequence (Pierschbacher & Ruoslahti, 1984b). Serine is thought to stabilize
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the interaction between RGD and the integrin (D’Souza et al, 1991) and for this reason, the serinecontaining peptide might be more efficient.
In serum-free conditions, free RGD peptide inhibited cell spreading on both untreated and
modified collagen, by competing with the RGD sequences of collagen that are recognized by
fibroblasts.
In the absence of FCS but when RGD was added, cells spread less on native collagen than
on any of the modified collagen substrates. Since there was no FCS present and thus no exogenous
fibronectin or vitronectin, the cell binding occurred directly between the RGD sequences on the
collagen, whether native or modified, and receptors on the cell. The receptors were blocked by the
free RGD peptide and therefore the ability to attach via the protein’s RGD sequences was inhibited.
Since cells plated onto native collagen spread the least in the presence of added RGD in serum-free
conditions, by comparison to spreading on any of the modified substrates, it seems likely that RGD
was more important for spreading on collagen than on the other substrates. Therefore, the major
means of spreading on a native collagen substrate involved the RGD sequence.
Since the addition of RGD caused an inhibition of cell spreading in serum-free conditions on
the modified substrates, RGD played some role in cell spreading. However, cell spreading was more
on these modified substrates than on native collagen, which implies that RGD did not appear to be the
only cell binding sequence involved in cell spreading. Other binding sequences in type I collagen have
been observed, including Asp-Gly-Glu-Ala (DGEA), which is recognized by the

integrin (Staatz

et al, 1991). The inhibition in cell spreading, for both cell strains, was greatest on glutaraldehydetreated collagen when RGD was added. This suggests that collagen modified with glutaraldehyde used
more RGD sites than either collagen, malondialdehyde-treated collagen or hexadienal-treated collagen.
I have previously shown, by circular dichroism, (Chapter 3), that glutaraldehyde-treated collagen is the
only one of the modified collagens that loses its secondary structure, when it is prepared at 37°C. It
has recently been suggested that dénaturation of collagen results in an increase in the exposure of RGD
sites (Davis, 1992). However, the fact that cell spreading on glutaraldehyde-treated collagen seemed
to involve most RGD sequences, does not necessarily also mean that this was the only cell binding
sequence used.
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It has been reported that the inhibition that RGD produces on cell spreading is competitive
(Akiyama & Yamada, 1985). They found that the inhibitory effect of RGD on baby hamster kidney
fibroblasts could be overcome by increasing the concentration of f75k, a fibronectin domain which they
had used to coat their dishes. When the concentration of f75k was increased from 0.2 to 3 pg/ml, the
amount of peptide (GRGDS) required for half-maximal inhibition increased from approximately 10
to 1100 pg/ml.
I have shown that the suppression of cell spreading on the native and modified collagen
substrates, caused by the addition of the free RGD peptide, was not dependent on the extent of cell
spreading (data not shown). The conformation of the RGD sequence is of great importance for
recognition specificity (Ruoslahti & Pierschbacher, 1987). The varying extents of inhibition of cell
spreading on the substrates may therefore be due to variations in their structures/conformations and/or
differences in RGD conformation.
After the addition of RGD to a cell suspension, the process of resuspending those cells in
fresh RGD-free medium did not affect the extent of cell spreading in serum-free conditions on any of
the modified substrates. This resuspension process was expected to remove any free RGD peptide and
thus remove, either partially or completely, the inhibition of cell spreading due to the addition of free
RGD. It appears that the process of attachment between free RGD (and probably also RGD sequences
on collagen) and RGD receptors occurred very rapidly, since the resuspension was carried out within
minutes of the addition of RGD and the process was completed some 10 minutes later. Once the free
RGD has bound to a receptor, it does not dissociate.
An exception was the unexpected enhancement of spreading of one cell strain, which had been
resuspended after the addition of RGD, on native collagen. It is unclear why this effect was observed
for cell spreading on native collagen of one cell strain, but not of the second, but it seems most likely
that the observed enhancement was due to the presence of an artefact.

5.4.2 The Effect of the Free RGD Peptide on Cell Spreading in the Presence of FCS

The addition of FCS promoted cell spreading on both native collagen and modified collagen
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for both cell lines. This was expected since serum contains the adhesive proteins fibronectin and/or
vitronectin both of which contain the cell binding sequence RGD. These adhesion proteins mediate
cell attachment to substrata and therefore mediated the cell spreading.
The presence of both PCS and RGD resulted in greatly reduced cell spreading on collagen,
by comparison to spreading in RGD’s absence. The RGD receptors, which were blocked on the cell
surface, prevent interaction with collagen via fibronectin and/or vitronectin. The blocked receptors also
inhibited the cell interacting with RGD on the collagen itself.
Cells allowed to spread on collagen, modified with malondialdehyde, in the presence of both
RGD and PCS, spread to a markedly lesser extent compared to when only PCS was added. This was
due to the RGD blocking the cell’s receptors, preventing the interaction with the modified collagen
via fibronectin and/or vitronectin. The blocked receptors also inhibited any RGD sequences on the
modified collagen from binding directly to the cell. However, since the spreading was slightly more
on the collagen in the presence of both RGD and PCS than on collagen modified with glutaraldehyde
or hexadienal for both cell strains, but also collagen modified with malondialdehyde for one cell strain,
this indicates that the cells were not as dependent on the RGD for spreading, when the substrate was
collagen.
The addition of serum, which contains fibronectin and vitronectin, might have been expected
to lessen the inhibitory effect of the free RGD peptide, compared to its effect in serum-free conditions,
since the inhibition on cell spreading has been shown to be competitive (Akiyama & Yamada, 1985).
This was the case for native collagen, providing strong evidence that the major means of cell binding
on collagen in serum-free conditions was via RGD sequences. However, there was greater inhibition
of cell spreading on all of the modified collagens (except for one cell strain on glutaraldehyde-treated
collagen) in the presence of serum, and thus exogenous fibronectin and vitronectin. This suggests that
it was not only RGD sequences that were involved in cell spreading on the modified collagens. Other
cell binding sequences were also employed, which were playing a major role in cell adhesion and
spreading.
In previous chapters, I have shown that modifying collagen with a reactive aldehyde caused
an enhancement of cell spreading, compared to cell spreading on native collagen, and also caused a
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modification of the collagen structure, although only glutaraldehyde-treated collagen was denatured.
Thus, the conformation change involved could have resulted in an exposure of not only RGD motifs,
but also other cell binding sequences and so increase their availability for cell surface receptors.
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CHAPTER 6 : CELL DIVISION ON DIFFERENT SUBSTRATES

6.1 INTRODUCTION

Cell growth on collagen substrates has been quantified by the incorporation of tritiated
thymidine to measure DNA synthesis (Schor, 1980; Nishiyama et al, 1989).
Fibroblasts, in vivo, are either slowly growing or non-dividing cells embedded in an
extracellular matrix containing much collagen. Studies of the growth of fibroblasts on collagen gels
have received much attention recently and in vitro studies have suggested that collagen may affect cell
proliferation. It has been reported that fibroblasts proliferated more rapidly on plastic dishes than on
the surface or within the collagen gel matrix (Schor, 1980). A prolonged lag period was observed by
culture of fibroblasts either on the surface of or within three-dimensional type I collagen gels compared
with culture on plastic dishes (Nishiyama et al, 1989).
Yoshizato observed reduced DNA synthesis in monolayer cultures of fibroblasts cultured on
collagen-coated dishes as compared with that on tissue culture plastic. However, DNA synthesis on
collagen-coated dishes is highly dependent on the quantity of collagen which the cell contacts
(Yoshizato et al, 1985). Contrary to this, Schor found that the growth of adult human skin fibroblasts
on plastic dishes and collagen films occurred at approximately the same rate, but fibroblasts cultured
on a three-dimensional gel grew at a slower rate and fibroblasts within a collagen matrix displayed a
significant lag period (Schor, 1980). The effect of collagen on cell proliferation in vitro remains
ambiguous.
Cell spreading and DNA synthesis have been shown to be enhanced in skin fibroblasts that
are cultured on a collagen gel in which intermolecular cross-linking has been increased by incubation

in vitro (Nishikawa et al, 1987).
In chapter two, 1 confirmed that the degree of cross-linking in collagen had been increased
on exposure to either malondialdehyde, hexadienal or glutaraldehyde. In chapter three, 1 observed that
this increase in cross-linking was related to an enhancement of cell spreading on modified collagen
films. It has been shown that the intensity of DNA synthesis of non-transformed cells on various
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substrata is proportional to the degree of spreading on these substrates (Folkman & Moscana, 1978).
My aim, in this chapter, is to study DNA synthesis of fibroblasts which have been cultured on films
of native and modified collagen in order to determine whether cell division is enhanced on collagen
modified with a reactive aldehyde in which intermolecular cross-linking (and also cell spreading) has
been increased.

168
6.2 METHODS

6.2.1 Preparation of Substrates

Collagen was modified with either malondialdehyde, hexadienal or glutaraldehyde, as
described in Chapter 2. The resultant solutions had a collagen concentration of 50 pg/ml and a
reactive aldehyde concentration of 50 mM. A native collagen solution (50 pg/ml) was also prepared.
50 pi of the modified or native collagen solutions were aliquotted into separate wells (in triplicate) on
flat-bottomed 96 multi-well dishes (Linbro, Flow Laboratories, Irvine, Scotland) in sterile conditions.
The solutions were allowed to dry in a sterile hood. Some wells were left empty to assess cell growth
on plastic. All wells around the edge of the dishes were also left empty.

6.2.2 Control to Assess Cell Characteristics on Coated Glass and Coated Plastic

Collagen was pretreated with either malondialdehyde, hexadienal or glutaraldehyde, as
previously described. Glass multi-well slides (Flow Laboratories, Irvine, Scotland) and plastic 96-well
dishes (Linbro, Flow Laboratories, Irvine, Scotland) were coated with either native or modified
collagen solutions. The slides and dishes were allowed to airdry overnight. In separate experiments,
two human cell strains (RJ & DA) were plated out onto the coated wells (on both slides and 96-well
dishes) at a density of 2.5 x 10'* cells/ml. The cells were allowed to spread for 100 minutes, then
fixed, washed and stained with Coomassie blue. Cells were visualized using a Nikon ELWD 0.3
microscope and photographs taken with a Nikon FE2 35 mm camera.

6.2.3 Cell Incubation and Growth

Human skin fibroblasts were trypsinized and diluted to approximately 2x 10* cells/ml. 50
|il cell suspension + 150 pi 10 % FCS-containing culture medium was added to wells, in triplicate,
coated with a native or modified collagen substrate, respectively. This was also added to an equal
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number of wells left empty, in order to assess cell growth on plastic.
200 pi 10 % FCS-containing culture medium was added to every well around the edge of
each dish in order to reduce any "drying-out" effect.
150 pi 10 % FCS-containing medium, but no cell suspension, was added to wells coated with
a native or modified collagen substrate.

This was also added to any empty wells (ie. a plastic

substrate) in the centre of the dishes. These uncoated wells were used as control wells for wells coated
with each respective aldehyde.
Cultures were incubated in a humidified incubator in 9.2 % CO; in air at 37°C. One 96-well
dish was incubated for 16 hours. The others for 20, 40 and 86 hours respectively.

6.2.4 Thymidine Incorporation

Thymidine was incorporated and cells harvested using a variation of the method by Malik
(Malik et ai, 1992).
1 mCi/ml [methyl-^H]thymidine (5-25 Ci/mmol; Amersham) was diluted 1 in 100 with 10 %
FCS-containing culture medium. After incubation of the dishes for the required time periods, 50 pi
thymidine solution was added to each well, except control wells for each respective substrate, and also
all wells around the edges of the dishes.
The dishes were then incubated at 37°C, 5 % CO; for 4 hours.

6.2.5 Measurement of Thymidine Uptake

Cells were harvested onto glass filters (Titertek, Flow Laboratories, Irvine, Scotland) using
a Dynatech Multimesh 2000 harvester, washed with methanol, and dried for 12 hours at room
temperature.

[^H]thymidine incorporation was determined by scintillation counting (LKB 1209

Rackbeta counter) using 5 ml "Cocktail O" (BDH, Poole, England), a detergent-free scintillant in
toluene.
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Three independent experiments were carried out, each performed in triplicate, for two cell
strains. All raw data are shown in Appendices 36 and 37.

171
6.3 RESULTS

6.3.1 Control to Assess Cell Characteristics on Coated Glass and Coated Plastic

Since all of the cell spreading experiments were carried out on glass slides coated with a
native or modified collagen solution and the thymidine incorporation experiment was carried out using
plastic, not glass, dishes coated with identical solutions, a control experiment was performed (See
6.2.2). This was to assess any differences or similarities in cell spreading on collagen-coated plastic
and collagen-coated glass. Comparable numerical data for cell spreading on glass versus plastic was
not obtained since the multi-well dishes were too deep to allow mounting of the cells and analysis by
the image analysis system, previously referred to.
The photographs taken showed that human skin fibroblasts displayed the same morphology
when allowed to spread on a native collagen solution, which had dried onto either a glass slide (Figure
6.1) or a plastic multi-well dish (Figure 6.2). The extent of cell spreading was also approximately the
same. The observations were made for cells allowed to spread on either plastic or glass coated with
aldehyde-treated collagen.

6.3.2 Thymidine Incorporation

Thymidine was incorporated into human skin fibroblasts, which had been plated onto one of
five substrates, in order to study cell division.
Both cell strains displayed a significant increase in thymidine incorporation between 16 and
20 hours after plating on each of the substrates (p < 0.004) (Figures 6.3 & 6.4). A significant increase
in the incorporation of tritiated thymidine by both cell strain 1 and cell strain 2 was again observed
on native, untreated collagen, hexadienal-treated collagen and glutaraldehyde-treated collagen (p <
0.002) between 20 and 40 hours. However, the incorporation on both plastic and malondialdehydetreated collagen by cells of strain RI and DA did not alter significantly between 20 and 40 hours post
plating (p > 0.15). After 40 hours, however, the trend in thymidine incorporation on the various
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Figure 6.1
Human Skin Fibroblasts Spread On Collagen-Coated Glass

Human skin fibroblasts were allowed to spread for 100 minutes on collagen-coated glass
slides. Spreading was performed in serum-free conditions. The cells were plated at a density of 2.5
X 10"* cells/ml.

Figure 6.2
Human Skin Fibroblasts Spread On Collagen-Coated Plastic

Human skin fibroblasts were allowed to spread on collagen-coated plastic multi-well dishes.
The cells were plated at a density of 2.5 x 10'* cells/ml and in serum-free conditions. The cells were
allowed to spread for 100 minutes.

V-■

■

’-A

■ ■r

-•■Hi

m .W r
1

I £ts*i

/

-y- 'V

;••. r.

u.

i

« ntu -

]

., '.TV.- V1I>
r, ; ,

,r

^ Tiü A Jdi -

fi.al'îiÿaft'if i
f: Œ - crL-h^h I ;

■:.>ï iyrsïîifc I

C pÀmid

=7»’ffil .4

?I lii'Vt ':'J I

'M2

vnrH'

"a mrk# -îfMtwf

<M I

C%

W ##_
'- ^ P --" ■
=- - n #

■Ai

> ' -■

173

Figure 6.3
Thymidine Incorporation at Various Time Points after Plating for Cell Strain RI

Human skin fibroblasts were plated into 96-multiwell dishes to give a final density of 2.5 x
lO** cells/ml in each well. The dishes were incubated at 37®C for either 16, 20, 40 or 86 hours. After
incubation for the required time periods, 50 pi of 0.01 mCi/ml thymidine was added to each well,
except control wells, and allowed to incubate for a further four hours. Cells were harvested, dried and
measured for radioactivity by scintillation counting.

Figure 6.4
Thymidine Incorporation at Various Time Points after Plating for Cell Strain DA

Human skin fibroblast cells were plated, at a final density of 2.5 x lO'* cells/ml, into the wells
of 96-multiwell dishes. The cells were incubated in 9.2 % CO; at 37®C. Dishes were incubated for
either 16, 20, 40 or 86 hours, after which, 50 pi of 0.01 mCi/ml [methyl-^H]thymidine was added to
each well, except control wells. The dishes were incubated for four hours. Cells were harvested, dried
and radioactivity was measured by scintillation counting.
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substrates was not identical for both cell strains. Thymidine incorporation for cell strain DA cells at
the 86 hour time point was significantly greater (p < 0.05) on all the substrates, modified and
unmodified, than at the 40 hour time point. However, this was not true of cell strain RI cells.
Cell strain RI incorporated significantly less thymidine, during a four hour period, 86 hours
post plating on plastic, by comparison with 40 hours after plating onto a plastic substrate (p = 0,019),
The amount of thymidine incorporated on native collagen (p = 0,059) and malondialdehyde-treated
collagen (p = 0.166) was not altered significantly, but incorporation on glutaraldehyde-treated collagen
was greater 86 hours post-plating than at 40 hours after plating (p = 0,008), Unlike the cells of strain
DA, thymidine incorporation of strain RI cells was significantly less 86 hours after plating than 40
hours post-plating on hexadienal-treated collagen (p = 0,007),
At 16 hours after plating, thymidine incorporation was significantly greater on a plastic
substrate than on any other tested substrate. This was true for cells of both cell strain RI and strain
DA (p < 0,05), The incorporation of thymidine by cells of strains RI and DA on native collagen did
not differ significantly fi"om the incorporation on any of the modified-collagen substrates ie,
malondialdehyde-treated collagen, hexadienal-treated collagen or glutaraldehyde-treated collagen (p >
0,24),

The amount of incorporation on any aldehyde-treated collagen substrate did not vary

significantly from the uptake on a second aldehyde-treated collagen substrate (p > 0,18),
The amount of thymidine incorporated 20 hours after cell plating was also significantly greater
on plastic than on any other tested substrate (p < 0,05), Cells plated onto collagen did not incorporate
a significantly different amount of thymidine from those cells plated onto an aldehyde-treated collagen
substrate (p > 0,14), In addition, there was no significant variation in thymidine uptake by cells on
any of the aldehyde-treated collagen substrates (p > 0,165), These observations were made for cells
of both strains.
At 40 hours after plating, cell strain RI incorporated approximately the same amount of
thymidine on all of the substrates (p > 0,05), with one exception. The thymidine incorporation of cells
on hexadienal-treated collagen was significantly less than the uptake of cells on native collagen (p =
0,013). Cells of strain DA also incorporated approximately the same amount of thymidine on plastic,
malondialdehyde-treated collagen, hexadienal-treated collagen and glutaraldehyde-treated collagen (p
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> 0.05). However, cell strain DA cells plated onto collagen incorporated significantly more thymidine
than similar cells on any of the other substrates (p < 0.05).
Cells of strain RI incorporated significantly less thymidine on hexadienal-treated collagen was
than on any of the other tested substrates (p < 0.015).

The largest amount of thymidine was

incorporated by cells plated onto glutaraldehyde-treated collagen. This was significantly greater than
the amount taken up by cells on either plastic (p = 0.055) or hexadienal-treated collagen (p = 0.002).
However, the thymidine uptake by cells of strain RI on glutaraldehyde-treated collagen was not
statistically different to the uptake on either collagen (p = 0.055) or malondialdehyde-treated collagen
(p = 0.455). Cells of strain DA, however, did not display any variation in thymidine uptake on either
plastic, native collagen or an aldehyde-treated collagen substrate (p > 0.2).
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6.4 DISCUSSION

Initially, there was a lag period after which human skin fibroblasts divided at a constant rate.
The cells had entered the growth phase 16 hours after plating. My results have shown that cell
division on native collagen and plastic was approximately equal three days after plating. This effect
was observed for both cell lines. Yoshizato et al. working with fibroblasts in culture demonstrated
that collagen fibrils inhibited DNA synthesis (Yoshizato et al, 1985). However, it has also previously
been shown that fibroblasts grow at approximately the same rate on plastic dishes, collagen films and
on the surface of three-dimensional gels (Schor, 1980). However, the thymidine incorporation by cells
grown in gels was less than 50 % of that incorporated by cells on plastic or on the surface of gels
(Nishiyama et al, 1989). It therefore appears that the nature of the collagen environment influences
the proliferation of human skin fibroblasts. This could in part explain the variation in the rates of
DNA synthesis observed on collagen films. Yoshizato and co-workers preincubated their collagen
films with culture medium at 37°C prior to use (Yoshizato et al, 1985), whereas Schor incubated his
dishes of collagen films with an open container of concentrated ammonia (Schor, 1980), whilst I
carried out neither of these processes.
The variations in the rate of cell division on plastic and collagen by different scientists could
also be due, at least in part, to passage number of the cells used. Nishiyama et al used cells of
passage 7-9, Schor used cells of passage 4-10 and I used cells before passage 12. We all observed an
approximately equal rate of cell division on both collagen and plastic. However, Yoshizato et al used
cells before passage number 15 and observed a decrease in cell division on collagen, by comparison
with cell division on plastic. Nishikawa et al, who also observed this decrease in cell division on
collagen, used cells before passage number 20. Ghneim has characterized the proliferative capacity
of human skin fibroblasts and shown that cells at passages 1, 5 and 10 reached maximal rates of DNA
synthesis 12-24 h after subculture, and that this rate was maintained up to 96 h. Cells at passage 15
did not reach equivalent rates until 72 h post culture and those at passages 20 and 25 required 84-96
h to do so (Ghneim, 1993). It is therefore obvious that fibroblasts at passage 15 have started to display
a reduced proliferative potential. Although passages 11, 12, 13 and 14 were not studied by Ghneim,
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it seems likely that the loss of proliferative capacity begins at some point before passage 15.
Cell division in my experiments was not enhanced on the aldehyde-modified collagens, by
comparison to cell division on native collagen.

I have previously shown (Chapter 3), that cell

spreading can be enhanced on a substrate of collagen which had been modified with a reactive
aldehyde. Cell spreading and DNA synthesis have been shown to be enhanced in skin fibroblasts that
are cultured on a collagen gel in which intermolecular cross-linking has been increased in vitro
(Nishikawa et al, 1987). Also, since DNA synthesis and cell division in anchorage dependent cells
can only proceed when the cells are spread to an appropriate degree (Folkman & Moscana, 1978), the
enhanced spreading of human skin fibroblasts on aldehyde-modified collagen would be expected to
lead to an enhanced rate of cell division. However, Yoshizato and co-workers (1985) have observed,
that blockade of the e-amino group of lysyl residues of collagen appears to suppress DNA synthesis
and that there is a proportional relationship. Since cross-linking in collagen involves the reaction of
8-amino groups (Bailey et al, 1970), it would seem likely that an increase in cross-linking would
result in decreased DNA synthesis. The observations and postulations of Yoshizato and Nishikawa are
thus in complete disagreement with each other.
Nishikawa etal increased intermolecular cross-linking in collagen by nonenzymatic glycation
with D-glucose. Other studies involving nonenzymatic glycation of collagen with D-ribose have
produced a substrate which increased the rate of 3"-thymidine incorporation of fibroblasts, by
comparison with incorporation into cells on untreated collagen. However, the cells spread poorly and
to a lesser extent than on native, untreated collagen (Kawano et al, 1990). These results show that
an enhancement of cell spreading is not necessarily related to an enhanced rate of cell division.

In vitro studies with ascorbate-copper ion systems have shown that active oxygens induce
intermolecular cross-linking of collagen (Kano et al, 1987). Ohshima has recently demonstrated by
SDS-PAGE that intermolecular collagen cross-linking was also induced in a collagen gel which was
treated with the same system (Ohshima et al, 1993). Ohshima and co-workers observed that rat
embryo fibroblasts 3Y1 attached, but spread poorly in serum-fi-ee conditions on the modified collagen
gel as compared with the untreated collagen gel. Thymidine incorporation was suppressed on the
cross-linked collagen gel by comparison with untreated collagen gel (Ohshima et al, 1993).
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Ohshima and co-workers (1993) have suggested that the formation of cross-links inhibits cell
spreading. This conclusion is consistent with the observations of Kawano and co-workers (Kawano

et al., 1990). However, both Nishikawa et al, (1987) and myself have observed the opposite effect
ie. that cell spreading is enhanced on collagen in which the intermolecular cross-linking has been
increased. Different observations were also made for cell division on the cross-linked substrates.
Nishikawa and co-workers observed an enhancement of cell division on their cross-linked collagen gel
(Nishikawa et al, 1987), whereas Ohshima et al observed a suppression of cell division on their crosslinked collagen gel (Ohshima et al, 1993).
It has been shown that the conformation of fibronectin when adsorbed to a hydrophobic and
hydrophilic surface is different (luliano et al, 1993). Hydrophilic surfaces are generally superior to
hydrophobic ones for attachment of cells (Steele et al, 1992). Since cell attachment and spreading
is greater on hydrophilic surfaces than on hydrophobic ones, it has been suggested that the
conformation of the protein plays a role (luliano et al, 1993). luliano and co-workers have observed,
using fluorescence emission, that the conformation of fibronectin influences both the spreading and
strength of adhesion of bovine aortic endothelial cells.
This observation may be relevant to my results, if collagen also adopts different conformations
when adsorbed onto different surfaces, since cell spreading was carried out on collagen-coated glass
slides and the thymidine incorporation experiments, described in this chapter, were performed, through
necessity, on collagen-coated plastic dishes.

However, since human skin fibroblasts spread to

approximately the same extent and with a similar morphology on both collagen-coated glass and
collagen-coated tissue culture plastic, in my control experiment (see 6.3.1), my observations that the
enhanced cell spreading on cross-linked collagen substrates is not related to a concomitant increase in
cell division therefore appear valid and the results are not simply due to the different effects of plastic
and glass.
It may be important that both the glass slides (Flow) and the plastic dishes (Linbro, Flow),
which I used, were hydrophilic (Steele et al, 1992), since luliano and co-workers observed a
difference in protein conformations and also a different effect on cell attachment and spreading was
found when comparing a protein which had been adsorbed to a hydrophobic and hydrophilic surface
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(luliano et al, 1993).

Consistent with my findings made with thymidine-labelling, Heathcote (Heathcote, 1994;
personal communication) has obtained data that do not indicate an enhancement of cell growth on
malondialdehyde-treated collagen compared with native collagen. Heathcote made her observations
using CytoTox 96™ non-radioactive cytotoxicity assay (Promega Corporation, Madison, WI, USA).
The growth of human skin fibroblasts was analyzed using the Cytotox 96 kit.

Absorbance

spectroscopy at 492 nm measured the lactate dehydrogenase production by the cells and this could be
taken as a measure of cell growth. ELISA plates were employed and mean absorbances were from
at least 6 (and up to 18) replicate wells. The solutions of collagen and malondialdehyde-modified
collagen were prepared following my experimental protocol and at the same concentrations as I
employed. Cells were plated at the same density as in my thymidine-labelling experiments. Although
Heathcote also employed human skin fibroblasts, within the same passage number limits, she used
different cell strains to the ones I employed.
Heathcote observed (from a number of experiments) that cell growth was slighty greater on
malondialdehyde-treated collagen than on native collagen in some experiments, but that little if any
difference was seen in other experiments, and in some cases growth was less on the modified collagen.
The fact that different investigators have come to opposing conclusions (Nishikawa et al,
1987; Kawano et al, 1987; Ohshima et al, 1993; Heathcote, 1994), this subject would appear to
require further investigation. The different observations may be due to the many methods of collagen
modification employed ie. glycation in vitro with D-ribose, glycation in vitro with D-glucose, active
oxygen system and reaction with reactive aldehydes. The reactions involved in the various crosslinking modifications also vary. For example, nonenzymatic glycation of collagen with glucose
involved a decrease in lysine and arginine residues (Kawano et al, 1987), cross-linking using the
ascorbbate-copper ion system resulted in a loss of collagen histidine residues (Ohshima et al, 1993)
and reactive aldehyde-induced collagen cross-linking, in my experiments, invoved a loss of e-amino
groups.
Despite my previous observations (Chapter 3) that modifying collagen with a reactive
aldehyde results in a substrate which supports cell spreading more effectively than untreated collagen.
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my results (and also those of Heathcote), described in the present chapter, indicate however, that in

vitro reactive aldehyde-modification of collagen does not significantly alter its properties as a
substratum for cell growth.

181
CHAPTER 7: GENERAL DISCUSSION

Human skin fibroblasts spread more on collagen that had been incubated with glutaraldehyde,
hexadienal or malondialdehyde at 37°C than on native, untreated collagen. The extent of enhancement
was proportional to the loss of free collagen primary amino groups, with the glutaraldehyde-treated
collagen showing the greatest degree of enhancement. Conversely, malondialdehyde caused the least
enhancement of cell spreading and was also responsible for the smallest loss in collagen primary amino
groups. The degree of enhancement of human skin fibroblast spreading on the modified collagens
therefore appears to be related to the loss of collagen primary amino groups. This is consistent with
cross-linking via free NHj groups on the collagen molecule (Davidkova et al, 1973; Cheung et al,
1985).
The SDS-PAGE showed that the reaction of malondialdehyde, hexadienal or glutaraldehyde
with collagen resulted in cross-linking. Glutaraldehyde appeared to be most efficient. Glutaraldehyde
also caused the greatest loss of collagen amino groups, implying that collagen treated with
glutaraldehyde underwent more structural modification and more extensive cross-linking than either
hexadienal- or malondialdehyde-treated collagen.

The cross-linking process may result in a

conformational change that increases the affinity of the interaction of cell surface receptors with, for
example, the DGEA sequence of the collagen molecule and/or alters the collagen conformation, making
the binding sequence(s) used, more accessible due to the proximity of the various residues. Consistent
with this, is the suggestion that there could be a dependence of ligand-receptor binding on the three
dimensional conformation of the active site peptide (Humphries, 1990).
Chemical analyses using circular dichroism spectroscopy showed that collagen treated with
glutaraldehyde at 37°C also displayed a loss of secondary structure, which was not apparent in collagen
treated with either hexadienal or malondialdehyde. The loss of secondary structure in collagen has
previously been associated with the exposure of additional RGD sites (Davis, 1992), which may have
contributed to the enhancement of cell spreading seen on glutaraldehyde-treated collagen in our
experiments. However, topographical organization also influences the extent of cell spreading on
collagen substrates (Grinnell et al, 1989), and may be reflected by the proportion of amino groups.

182
The observations made on hexadienal- and malondialdehyde-treated collagen seem to support this,
since neither displayed any change in secondary structure, but resulted in varying degrees of enhanced
cell spreading.
3T3 mouse fibroblasts also spread to a greater extent at 37°C on the aldehyde-modified
preparations of collagen than on native, untreated collagen. However, the extent of spreading on the
treated collagens differed by comparison with cell spreading by human skin fibroblasts on the same
substrates. Unlike human fibroblasts, the enhancement of 3T3 fibroblast spreading was most with
malondialdehyde-treated collagen and least with glutaraldehyde-treated collagen. This contrasts with
human fibroblast spreading, where the enhancement in cell spreading, compared to spreading on native
collagen, was greatest with glutaraldehyde-treated collagen and least with malondialdehyde-treated
collagen. The reason for the varying spreading responses of mouse and human fibroblasts remains to
be elucidated, but these results indicate that they have different mechanisms for cell spreading.
Since the aldehyde-treated collagens were prepared in identical ways for the spreading
experiments with both human fibroblasts and also the spreading experiments with 3T3 fibroblasts, the
varying degrees of enhancement cannot be accounted for by the conformation of the collagen. For
example, of the modified collagens, human fibroblasts spread most on glutaraldehyde-treated collagen,
but on this substrate 3T3 fibroblasts spread least (but spreading for 3T3 cells on glutaraldehyde-treated
collagen was still more than on native collagen).
As different cell lines and cell strains have been shown to employ different cell binding
sequences, by the selective expression of integrins (Hynes, 1992), human skin fibroblasts might be
expected to use different binding sequences than 3T3 cells. Although most integrins are expressed on
a wide variety of cells, and most cells express several integrins (Hynes, 1992), the two cell types may
be using different integrins or perhaps, but less likely, human skin fibroblasts may actually have some
integrins that 3T3 fibroblasts don’t possess, and conversely, 3T3 fibroblasts possess some integrins that
human fibroblasts don’t have. Alternatively, mouse 3T3 and human skin fibroblasts may possess the
same integrins, but the integrins may have different spécificités and/or affinities. The specificity and
affinity of a given integrin receptor on a given cell are not always constant (Hynes, 1992). For
example, ŒzP, on platelets is specific for collagen but not laminin (Staatz et al, 1989), whereas on
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other cells it can recognize both ligands (Elices & Hemler, 1989). The difference in the extent of cell
spreading of human and 3T3 fibroblasts may arise from a combination of these factors,
Immunofluorescent studies showed that considerable re-organization of the cytoskeleton
occurred during cell spreading. Focal contacts formed at the sites where the fibroblast adhered to the
external substrate. As a cell spread, it appeared to display a more organized cytoskeleton, together
with an increased number of focal contacts.
Since, in serum-free conditions, the tripeptide Arg-Gly-Asp (RGD) inhibited human fibroblast
spreading on surfaces coated with either native or modified collagen, RGD seems to be an important
recognition sequence for cell spreading.

However, if RGD was the only cell binding sequence

involved in spreading on aldehyde-treated substrates, addition of the free peptide might be expected
to eliminate any enhancement of spreading by comparison to spreading on native collagen. Since
spreading, after the addition of the free RGD peptide, was greater on the modified substrates than on
native collagen, spreading on treated collagen does not appear to be solely dependent on RGD. Other
binding sequences such as DGEA (Asp-Gly-Glu-Ala) have been found in type I collagen (Staatz et al.,
1991). It is probable that one or more of these other cell binding sequences are involved in cell
spreading on aldehyde-modified collagen.
Calf skin collagen loses 50 % of its helical structure at approximately 41°C (Notbohm et al.,
1992) and in my experiments, human skin fibroblasts spread less on collagen that had been incubated
at 40°C (rather than 37°C) for 20h. However, no loss of secondary structure was observed for
collagen incubated at any temperature between 35°C and 40°C. Collagen that was exposed to 50 mM
malondialdehyde at 40°C lost its secondary structure (collagen modified with malondialdehyde below
this temperature did not) and the cells spread at least as well on this substrate as on collagen that was
modified at 37°C. Collagen modified with hexadienal at any temperature between 35°C and 40°C
displayed no change in secondary structure, but a small decrease in its enhancement of spreading.
Collagen incubated with glutaraldehyde above 35°C caused a loss of the protein’s secondary structure.
As the temperature of incubation increased, the ability to enhance spreading was decreased slightly.
This indicates that heat dénaturation and a loss of free amino groups have differing effects in this
system.
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Cell division was not enhanced on the modified collagens, by comparison to cell division on
native collagen. It is suggested that the blockade of the e-amino group of collagen lysyl residues
suppresses DNA synthesis in a proportional manner (Yoshizato et al, 1985). Since e-amino groups
are involved in cross-linking (Bailey et ai, 1970), the decrease in DNA synthesis may have been
expected. However, since DNA synthesis in anchorage-dependent cells only proceeds when the cells
are spread to an appropriate degree (Folkman & Moscana, 1978), enhanced cell spreading on the
aldehyde-modified collagens may, at the same time, have been expected to lead to an enhanced rate
of cell division. However, other work, which involved the nonenzymatic glycation of collagen with
D-ribose, has shown that an enhancement of fibroblast spreading is not related to an enhanced rate of
cell division (Kawano et ai, 1990).
Conformational changes of the collagen, induced by the reactive adehydes, may mean that the
relevant binding sequences are more accessible to the relevant integrins on the cell. Since cells must
attach before they can spread, the proximity of the collagen may account for the enhanced cell
spreading because the residues in the binding sequence(s) employed may be moved in such a way that
allows the integrins to bind more easily. Although this conformation change might enable enhanced
cell spreading to occur, improved cell attachment would not be expected to have any effect on cell
division.
An increase in the cross-linking of collagen, induced as a result of a controlled exposure in

vitro to chemical cross-linking agents, yielded a substrate that can be used to support the spreading of
cultured skin fibroblasts more effectively than untreated collagen. This may be of importance for the
development of an improved artificial skin for use in bum treatment and management. However, the
cross-linked substrates did not support the division of the cultured skin fibroblasts more than native,
untreated collagen.
The results of this study have significance for sufferers of Duchenne muscular dystrophy. 1
have observed an increase in the cross-linking of collagen and a concomitant enhancement of cell
spreading when malondialdehyde, hexadienal or glutaraldehyde are incubated with the protein. Since
elevated concentrations of the products of lipid peroxidation have been noted in the muscle of
Duchenne muscular dystrophy patients (Kar & Pearson, 1979; Jackson et ai, 1984), and both

185
malondialdehyde and 2,4-hexadienal are lipid peroxidation products, fibrosis could be a secondary
result of the proximity of fibroblasts to the degenerating muscle.
However, human skin fibroblasts did not exhibit an increase in cell division when they were
cultured on collagen that had been modified with malondialdehye and other aldehydes that arise from
lipd peroxidation. It therefore appears that modifications to endomysial collagen caused by exposure
to the products of lipd peroxidation do not cause the proliferation of endomysial fibroblasts apparent
in Duchenne muscular dystrophy.

186
BIBLIOGRAPHY
Abercrombie, M., Heaysman, J. E. M. & Pegrum, S. M. (1971) The locomotion of fibroblasts in
culture, IV. Electron microscopy of the leading lamella Exp. Cell Res. 67, 359-367
Agren, M. S., Taplin, C, J., Woessner, Jr. J. F., Eaglstein, W. H. & Mertz, P. M. (1992) Collagenase
in wound healing: effect of wound age and type J. Invest. Dermatol. 99, 709-714
Akiyama, S. K. & Yamada, K. M. (1985) Synthetic peptides competitively inhibit both direct binding
to fibroblasts and functional biological assays for the purified cell-binding domain of fibronectin J.
Biol. Chem. 260, 10402-10405
Akiyama, S. K., Yamada, S. S. & Yamada, K. M. (1986) Characterization of a 140-kD avian cell
surface antigen as a fibronectin-binding molecule J. Cell Biol. 102, 442-448
Ala-Kokko, L., Kontusaari, S., Baldwin, C. T., Kuivaniemi, H. & Prockop, D. J. (1989) Structure of
cDNA clones coding for the entire prepro (III) chain of human type III procollagen Biochem. J. 260,
509-516
Albelda, S. M. & Buck, C. A. (1990) Integrins and other cell adhesion molecules FASEB J. 4, 28682880
Allman, H., Fietzek, P. P., Glanville, R. W. & Ktihn, K. (1979) The covalent structure of calf skin
type III collagen. VI. The amino acid sequence of the carboxyterminal cyanogen bromide peptide
al(III)CB9B (position 928-1028) Hoppe-Seyler’s Z. Physiol. Chem. 360, 861-868
Asmussen, P. D. & SOllner, B. (1993) In Principles of Wound Healing Vol. 1 (ed. Asmussen, P. D.
& SOllner, B.) Druckerei Kohlhammer, Stuttgart, pp.8-51
Bailey, A. J. & Peach, C. M. (1968) Isolation and structural identification of a labile intermolecular
crosslink in collagen Biochem. Biophys. Res. Comm. 33, 812-819
Bailey, A. J. & Peach, C. M. (1971) The chemistry of the collagen cross-links. The absence of
reduction of dehydrolysinonorleucine and dehydrohydroxylysinonorleucine in vivo Biochem. J. 121,
257-259
Bailey, A. J., Peach, C. M. & Fowler, L. J. (1970) Chemistry of the collagen cross-links. Isolation
and characterization of two intermediate intermolecular cross-links in collagen Biochem. J. 117, 819831
Bailey, A. J., Robins, S. P. & Balian, G. (1974) Biological significance of the intermolecular
crosslinks of collagen Nature 251, 105-109
Bailey, A. J. & Shimokomaki, M. S. (1971) Age related changes in the reducible cross-links of
collagen FEBS Letts. 16, 86-88
Bauer, E. A., Stricklin, G. P., Jeffrey, J. J. & Eisen, A. Z. (1975) Collagenase production by human
skin fibroblasts Biochem. Biophys. Res. Commun. 64, 232-240
Bell, E., Ehrlich, H. P., Buttle, D. J. & Nakatsuji, T. (1981a) Living tissue formed in vitro and
accepted as skin-equivalent tissue of full thickness Science 211, 1052-1054
Bell, E., Ehrlich, H. P. & Scher, S. (1981b) Development and use of a living skin equivalent Blast.
Reconstr. Surg. 67, 386-392

187
Bell, E., Ehrlich, P., Sher, S., Merrill, C., Sarber, R., Hull, B., Nakatsuji, T., Church, D. & Buttle, D.
J. (1981c) Development and use of a living skin equivalent Plast. Reconst. Surg. 67, 386-390
Bell, E., Ivarsson, B. & Merrill, C. (1979) Production of a tissue-like structure by contraction of
collagen lattices by human dermal fibroblasts of different proliferative potential in vitro Proa. Natl.
Acad. Sci. 76, 1274-1278
Bell, E,, Sher, S., Hull, B., Merrill, C., Rosen, S., Chamson, A., Asselineau, D., Dubertret, L.,
Coulomb, B., Lapiere, C., Nusgens, B. & Neveux, Y. (1983) The reconstitution of living skin J.
Invest. Dermatol. 81, 2s-10s
Bentz, H., Fietzek, P. P. & Kiihn, K. (1979) The covalent structure of calf skin type III collagen. III.
The amino acid sequence of the cyanogen bromide peptide al(III)CB4 (position 403-551) HoppeSeyler’s Z. Physiol. Chem. 360, 833-840
Beppu, M., Murakami, K. & Kikugawa, K. (1986) Fluorescent and cross-linked proteins of human
erythrocyte ghosts formed by reaction with hydroperoxylinoleic acid, malonaldehyde and
monofimctional aldehydes Chem. Pharm. Bull. 34, 781-788
Blatti, S. P., Foster, D. N., Ranganathan, G., Moses, H. L. & Getz, M. J. (1988) Induction of
fibronectin gene transcription and mRNA is a primary response to growth-factor stimulation of AKR2B cells Proc. Natl. Acad. Sci. U.S.A. 85, 1119-1123.
Blitstein-Willinger, E. (1991) The role of growth in wound healing Skin Pharmacol. 4, 175-182
Bohlen, P., Stein, S., Dairman, W. & Udenffiend, S. (1973) Fluorometric assay of proteins in the
nanogram range Arch. Biochem. Biophys. 155, 213-220
Bomstein, P. & Piez, K. A. (1966) The nature of the intramolecular cross-links in collagen. The
separation and characterization of peptides from the cross-link region of rat skin collagen Biochemistry
5, 3460-3473
Brown, S. C., Fisher, D. & Lucy, J. A. (1990) Monensin does not consistently inhibit the spreading
of normal or Duchenne fibroblasts on glass J. Cell Sci. 97, 149-156
Burridge, K., Turner, C. E. & Romer, L. H. (1992) Tyrosine phosphorylation of paxillin andppl25^'^
accompanies cell adhesion to extracellular matrix: a role in cytoskeletal assembly J. Cell Biol. 4, 893903
Butkowski, R. J., Noelken, M. E. & Hudson, B. G. (1978) Estimation of the size of collagenous
proteins by electrophoresis and gel chromatography In Methods in Enzymology Vol. 82 (ed.
Cunningham, L. W. & Frederiksen, D. W.) Academic Press, New York, pp. 410-423
Chelly, J., Kaplan, J-C., Maire, P., Gautron, S. & Kahn, A. (1988) Transcription of the dystrophin
gene in human muscle and non-muscle tissues Nature 333, 858-860
Chen, W-T. & Singer, S. J. (1982) Immunoelectron microscopic studies of the sites of cell-substratum
and cell-cell contacts in cultured fibroblasts J. Cell Biol. 95, 205-222
Cheung, D. T. & Nimni, N. E. (1982) Mechanism of crosslinking by proteins by glutaraldehyde
Conn. Tiss. Res. 10, 201-216
Cheung, D. T., Perelman, N., Ko, E. C. & Nimni, M. E. (1985) Mechanism of crosslinking of
proteins by glutaraldehyde III. Reaction with collagen in tissues Connect. Tissue Res. 13, 109-115

188
Chio, K. S. & Tappel, A. L, (1969a) Synthesis and characterization of the fluorescent products derived
from malonaldehyde and amino acids Biochemistry 8, 2821-2826
Chio, K. S. & Tappel, A. L. (1969b) Inactivation of ribonuclease and other enzymes by peroxidasing
lipids and by malonaldehyde Biochemistry 8, 2827-2832
Chojkier, M., Houglum, K., Solis-Herruzo, J, & Brenner, D. A. (1989) Stimulation of collagen gene
expression by ascorbic acid in cultured human fibroblasts J. Biol Chem. 264, 16957-16962
Chvapil, M. (1982) Considerations on manufacturing principles of a synthetic bum dressing: A review
J. Biomed. Mat. Res. 16, 245-263
Ciarrocchi, A., Rieber, M. S. & Rieber, M. (1992) Extracellular RGD-binding proteins modulate cell
adhesion Biochem. Biophys. Res. Comm. 183, 544-552
Clark, R. A. F. (1985) Cutaneous tissue repair: Basic biologic considerations. 1 J. Am. Acad.
Dermatol 13, 701-725
Condell, R. A., Sakai, N., Mercado, R, T, & Larenas, E. (1988) Quantitation of collagen fragments
and gelatin by deconvolution of polarimetry dénaturation curves Collagen Rel Res. 8, 407-418
Cony, M., Donatien, P. H., Beylot, C., Géniaux, M., Maleville, J., Bézian, J, H, & Taïeb, A, (1990)
Treatment of leg ulcers with an allogenic cultured-keratinocyte-collagen dressing Clin. Exp. Dermatol
15, 410-414
Cooke, A., Oliver, R. F. & Edward, M. (1983) An in vitro cytotoxicity study of aldehyde-treated pig
dermal collagen Br. J. Exp. Path. 64, 172-176
Cooper, B. J., Winand, N. J., Stedman, H., Valentine, B. A., Hoffman, E. P., Kunkel, L. M., Scott,
M-O., Fischbeck, K. H., Komegsay, J. N., Avery, R. J., Williams, J. R., Schmickel, R. D. & Sylvester,
J. E. (1988) The homologue of the Ducherme locus is defective in X-linked muscular dystrophy of
dogs Nature 334, 154-156
Côté, M-F. & Doillon, C, J. (1992) Wettability of cross-linked collagenous biomaterials: in vitro study
Biomaterials 13, 612-616
Cullen, M. J. & Mastaglia, F. L. (1980) Morphological changes in dystrophic muscle Br. Med. Bull
36, 145-222
Czaja, M. J., Weiner, F. R., Eghbali, M., Giaambrone, M. A., Eghbali, M. & Zem, M, A. (1987)
Differential effects of y-interferon on collagen and fibronectin expression J. Biol. Chem. 262, 1334813351
Dav'dkovâ, E., Svadlenka, 1. & Rosmus, J. (1973) Interaction of malonaldehyde with collagen Z,
Lebensm. Unters-Forsch. 153, 13-16
Davies, W., Brown, S. C. & Lucy, J. A. (unpublished work)
Davis, G. E, (1992) Affinity of integrins for damaged extracellular matrix:
binds to denatured
collagen type 1 through RGD sites Biochem. Biophys. Res. Comm. 182, 1025-1031
DeLustro, F., Condell, R. A., Nguyen, M. A. & McPherson, J. M. (1986) A comparative study of the
biologic and immunologic response to medical devices derived from dermal collagen J. Biomed. Mat.
Res. 20, 109-120

189

Dessau, W., Adelmann, B, C., Timpl, R. & Martin, G. R. (1978) Identification of the sites in collagen
a-chains that bind serum anti-gelatin factor (cold-insoluble globulin) Biochem. J. 169, 55-63
Dewes, H., Fietzek, P. P. & Kühn, K. (1979a) The covalent structure of calf skin type III collagen
II. The amino acid sequence of the cyanogen bromide peptide al(III)CBl, 8, 10, 2 (position 223-402)
Hoppe-Seyler’s Z. Physiol. Chem. 360, 821-832
Dewes, H., Fietzek, P. P. & Kühn, K. (1979b) The covalent structure of calf skin type III collagen
V, The amino acid sequence of the cyanogen bromide peptide al(III)CB9A (position 789-927)
Hoppe-Seyler’s Z. Physiol. Chem. 360, 851-860

Dillard, C . J. & Tappel, A. L. (1984) in Methods in Enzymol. (Packer, L., Ed.), Vol. 1 105, pp337341, Academic Press, San Diego
D’Souza, S. E., Ginsberg, M. H. & Plow, E. F. (1991) Arginyl-glycyl-aspartic acid (RGD): a cell
adhesion motif TIBS 16, 246-250
Ehrlich, H. P. & Rajaratnam, J. B. M. (1990) Cell locomotion forces for collagen lattice contraction:
an in vitro model of wound contraction Tissue & Cell 22, 407-417
Ehrmann, R. L. & Gey, G. O. (1956) The growth of cells on a transparent gel of reconstituted rat-tail
collagen J. Natl. Cancer Inst. 16, 1375-1403
Elices, M. J. & Hemler, M. E. (1989) The human integrin VLA-2 is a collagen receptor on some cells
and a collagen/laminin receptor on others Proc. Natl. Sci. Acad. U.S.A. 86, 9906-9910
Elsdale, T. & Bard, J. (1972) Collagen substrata for studies on cell behaviour J. Cell Biol. 54, 626637
Eyre, D. R., Paz, M. A. & Gallop, P. M. (1984) Cross-linking in collagen and elastin Ann. Rev.
Biochem. 53, 717-748
Feit, H., Kawai, M. & Mostafapour, A. S. (1989) Increased resistance of the collagen in avian
dystrophic muscle to collagenolytic attack: evidence for increased crosslinking Muscle and Nerve 12,
476-485
Feit, H., Kawai, M. & Mostafapour, A. S. (1989) The role of collagen crosslinking in the increased
stif&iess of avian dystrophic muscle Muscle and Nerve 12, 486-492
Fietzek, P. P. & Kiihn, K. (1976) The primary structure of collagen Int. Rev. Conn. Tiss. Res. 7, 1-60
Fietzek, P. P., Allman, H., Rauterberg, J., Henkel, W., Wachter, E. & Kiihn, K. (1979) The covalent
structure of calf skin type III collagen. I. The amino acid sequence of the amino terminal region of
the al(III) chain (position 1-222) Hoppe-Seyler’s Z. Physiol. Chem. 360, 809-820
Fletcher, B. L. & Tappel, A. L. (1971)
peroxidation Lipids 6, 172-175

Fluorescent modification of serum albumin by lipid

Folkman, J. & Moscana, A. (1978) Role of cell shape in growth control Nature 273, 345-349
Fujii, K., Murota, K. & Tanzer, M. L. (1983) Abnormal collagen synthesis in skeletal muscle of
dystrophic chicken Biochem. Biophys. Res. Comm. I l l , 933-938
Fuller, F. & Boedtker, H. (1981) Sequence determination and analysis of the 3’ region of chicken pro

190
a 1(1) and pro-a2(I) collagen messenger ribonucleic acids including the carboxy-terminal propeptide
sequences Biochemistry 20, 996-1006
Gao, Z-R., Hao, Z-Q,, Li, Y., Im, M. J. & Spence, R. J. (1992) Porcine dermal collagen as a wound
dressing for skin donor sites and deep partial skin thickness bums Burns 18, 492-496
Gebb, C., Hayman, E. G., Engvall, E. & Ruoslahti, E. (1986) Interaction of vitronectin with collagen
J. Biol. Chem. 261, 16698-16703
Geesin, J. C., Gordon, J. S. & Berg, R. A, (1990) Retinoids affect collagen synthesis through
inhibition of ascorbate-induced lipid peroxidation in cultured human dermal fibroblasts Arch. Biochem.
Biophys. 278, 350-355
Geiger, B. (1979) A 13OK protein from chicken gizzard: its localization at the termini of
microfilament bundles in cultured chicken cells Cell 18, 193-205
Geiger, B., Tokuyasu, K. T., Dutton, A. H. & Singer, S. J. (1980) Vinculin, an intracellular protein
localized at specialized sites where microfilament bundles terminate at cell membranes Proc. Natl.
Acad. Sci. U.S.A. 77, 4127-4131
Ghneim, H. K. (1993) Characterisation of the aging of serially subcultured human skin fibroblasts
Med. Sci. Res. 21, 249-250
Gillery, P., Maquart, F-X, & Borel, J-P. (1986) Fibronectin dependence of the contraction of collagen
lattices by human skin fibroblasts Exp. Cell Res. 167, 29-37
Gorham, S. D., Light, N, D., Diamond, A. M., Willins, M. J., Bailey, A. J., Wess, T. J. & Leslie, N.
J. (1992) Effect of chemical modifications on the susceptibility of collagen to proteolysis. II.
Dehydrothermal crosslinking Int. J. Biol. Macromol. 14, 129-138
Greco, R. M. & Ehrlich, H. P. (1992) Differences in cell division and thymidine incorporation with
rat and primate fibroblasts in collagen lattices Tissue and Cell 24, 843-851
Grinnell, F. (1978) Cellular adhesiveness and extracellular substrata Int. Rev. Cytol. 53, 65-144
Grinnell, F. (1992) Wound repair, keratinocyte activation and integrin modulation (commentary) J.
Cell Sci. 101, 1-5
Grinnell, F. & Bennett, M. H. (1981) Fibroblast adhesion on collagen substrata in the presence and
absence of plasma fibronectin J. Cell Sci. 48, 19-34
Grinnell, F. & Feld, M. K. (1979) Initial adhesion of human fibroblasts in serum-free medium,
possible role of secreted fibronectin Cell 17, 117-129
Grinnell, F. & Hays, D. G. (1978) Induction of cell spreading by substratum-adsorbed ligands directed
against the cell surface Exp. Cell Res. 116, 275-284
Grinnell, F., Hays, D. G. & Minter, D. (1977) Cell adhesion and spreading factor Exp. Cell Res. 110,
175-190
Grinnell, F. & Minter, D. (1978) Attachment and spreading of baby hamster kidney cells to collagen
substrata: effects of cold insoluble globulin Proc. Natl. Acad. Sci. U.S.A. 75, 4408-4412
Grinnell, F., Nakagawa, S. & Ho, C-H. (1989) The collagen recognition sequence for fibroblasts
depends on collagen topography Exp. Cell Res. 182, 668-672

191
Grinnell, F., Takeshima, A. & Lamke-Seymour, C. (1986) Morphological appearance of epidermal
cells cultured on fibroblast-reorganized collagen gels Cell Tissue Res. 246, 13-21
Gross, J., Highberger, J. H. & Schmidt, F, O. (1954) Collagen structures considered as states of
aggregation of a kinetic unit. The tropocollagen particle Proc. Natl. Acad. Sci. U.S.A. 40, 679-688
Gurrath, M,, Müller, G., Kessler, H., Aumailley, M. & Timpl, R. (1992) Conformation/activity studies
of rationally designed potent anti-adhesive RGD peptides Eur. J. Biochem. 210, 911-921
Hall, C. E. (1956) Visualization of individual macromolecules with the electron microscope Proc.
Natl. Acad. Sci. U.S.A. 42, 801-806
Hanks, S. K., Calalb, M. B, Harper, M. C, & Patel, S. K. (1992) Focal adhesion protein-tyrosine
kinase phosphorylated in response to cell attachment to fibronectin Proc. Natl. Acad. Sci. U.S.A. 89,
8487-8491
Harris, A. K., Stopak, D. & Wild, P. (1981)
morphogenesis Nature 290, 249-251

Fibroblast traction as a mechanism for collagen

Harris, Jr. E. D. & Farrell, M. E. (1972) Resistance to collagenase: a characteristic of collagen fibrils
cross-linked by formaldehyde Biochim. Biophys. Acta 278, 133-141
Hayfiick, L. & Moorhead, P. S. (1961) The serial cultivation of human diploid cell strains Exp. Cell
Res. 25, 585-621
Hayman, E. G., Pierschbacher, M. D., Ohgren, Y. & Ruoslahti, E. (1983) Serum spreading factor
(vitronectin) is present at the cell surface and in tissues Proc. Natl. Acad. Sci. 80, 4003-4007
Hicks, M., Delbridge, L., Vue, D. K, & Reeve, T. S. (1989) Increase in crosslinking of
nonenzymatically glycosylated collagen induced by products of lipid peroxidation Arch. Biochem.
Biophys. 268, 249-254
Hodge, A. J. & Petruska, J. A. (1963) Recent studies with the electron microscope on ordered
aggregates of the tropocollagen macromolecule In Aspects o f Protein Structure (G. N. Ramachandran,
ed.), pp.289. Academic Press, London
Hoffinan, E. P., Knudsen, C. M., Campbell, K. P. & Kunkel, L. M. (1987) Dystrophin: the protein
product of the Duchenne muscular dystrophy locus Cell 51, 919-928
Hopkinson, I. (1992) The extracellular matrix in wound healing: collagen in wound healing Wounds
4, 124-132
Hostikka, S. L. & Trygvasan, K. (1987) The complete primary structure of the a2 chain of human
type IV collagen and comparison with the a I (IV) chain J. Biol. Chem. 263, 19488-19493
Humphries, M. J., Olden, K. & Yamada, K. M. (1986a) A synthetic peptide from fibronectin inhibits
experimental metastasis of murine melanoma cells Science 233, 467-469
Humphries, M. J. (1990) The molecular basis and specificity of integrin-ligand interactions J. Cell
Sci. 97, 585-592
Hynes, R. O. (1987) Integrins: a family of cell surface receptors Cell 48, 549-554
Hynes, R. O. (1992) Integrins: versatility, modulation and signalling in cell adhesion (Review) Cell
69, 11-25

192

Hynes, R. O. & Destree, A. T. (1978) Relationships between fibronectin (LETS protein) and actin
Cell 15, 875-886
Ignotz, R. A., Endo, T. & Massague, J. (1987) Regulation of fibronectin and type I collagen mRNA
levels by transforming growth factor-|3 J. Biol. Chem. 262, 6443-6446
Ignotz, R. A, & Massague, J. (1987) Cell adhesion protein receptors as targets for transforming
growth factor-P action Cell 51, 189-197
lonasescu, V. H., Brand, C, L., Zellweger, H., lonasescu, R. & Burmeister, L. (1977) Fibroblast
cultures in Duchenne muscular dystrophy. Alterations in synthesis and secretion of collagen and
noncollagen proteins Acta. Neurol. Scand. 55, 407-417
luliano, D. J., Saavedra, S. S. & Truskey, G. A, (1993) Effect of the conformation and orientation
of adsorbed fibronectin on endothelial cell spreading and the strength of adhesion J. Biomed. Mat.
Res. 27, 1103-1113
Jackson, M. J., Jones, D. A. & Edwards, R. H. (1984) Techniques for studying free radical damage
in muscular dystrophy Med. Biol. 62, 135-138
Kagan, H, M. & Sullivan, K. A. (1982) Lysyl oxidase: Preparation and role in elastin biosynthesis
In Methods in Enzymology Vol. 82 (ed. Cunningham, L. W. & Frederiksen, D. W.) Academic Press,
New York, pp.637-650
Kano, Y., Sakano, Y. & Fujimoto, D. (1987) Cross-linking of collagen by ascorbate-copper ion
systems J. Biochem. 102, 839-842
Kar, N. C. & Pearson, C. M. (1979) Catalase, superoxide dismutase, glutathione reductase and
thiobarbituric acid-reactive products in normal and dystrophic human muscle Clin. Chim. Acta 94,
277-280
Karotzer, T. 1., Page, R. C., Granger, G. A. & Rabinovitch, P. S. (1982) Regulation of growth of
human diploid fibroblasts by factors elaborated by activated lymphoid cells J. Cell Physiol. I l l , 247254
Kawano, E., Takahashi, S-1., Sakano, Y. & Fujimoto, D. (1990) Nonenzymatic glycation alters
properties of collagen as a substratum for cells Matrix 10, 300-305
Kikugawa, K. & Beppu, M. (1987) Involvement of lipid oxidation products in the formation of
fluorescent and cross-linked proteins Chem. & Phys. of Lipids 44, 277-296
Klebe, R. J. (1974) Isolation of a collagen-dependent cell attachment factor Nature 250, 248-251
Klebe, R. J. (1975) Cell attachment to collagen: the requirement for energy J. Cell Physiol. 86, 231236
Kleinman, H. K., Klebe, R. J. & Martin, G. R. (1981) Role of collagenous matrices in the adhesion
and growth of cells J. Cell Biol. 88, 473-485
Kligman, A. M. & Armstrong, R. C. (1986) Histologic response to intradermal Zyderm and Zyplast
(glutaraldehyde cross-linked) collagen in humans J. Dermatol. Surg. Oncol. 12, 351-357
Koenig, M., Hoffinan, E. P., Bertelson, C. J., Monaco, A. P., Feener, C. & Kunkel, L. M. (1987)
Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and preliminary genomic

193
organization of the DMD gene in normal and affected individuals Cell 50, 509-517
Koide, M., Osaki, K., Konishi, J., Oyamada, K., Katakura, T., Takahashi, A. & Yoshizato, K. (1993)
A new type of biomaterial for artificial skin: Dehydrothermally cross-linked composites of fibrillar and
denatured collagens J. Biomed. Mat. Res. 27, 79-87
Kono, T., Tanii, T., Furukawa, M,, Mizuno, N., Kitajima, J., Ishii, M., Hamada, T. & Yoshizato, K.
(1990) Cell cycle analysis of human dermal fibroblasts cultured on or in hydrated type I collagen
lattices Arch. Dermatol. Res. 282, 258-262
Krejci, N. C., Cuono, C. B., Langdon, R. C. & McGuire, J. (1991) /« vitro reconstitution of skin:
fibroblasts facilitate keratinocyte growth and differentiation on a cellular reticular dermis J. Invest.
Dermatol. 97, 843-848
Kubo, K. & Takagi, T. (1984) The a 1(1) and a2(I) chains of collagen separate in sodium dodecyl
sulfate polyacrylamide gel electrophoresis due to differences in sodium dodecyl sulfate binding
capacities Collagen Rel. Res. 4, 201-208
Kühn, K. (1982) In Immunochemistry o f the Extracellular Matrix Vol. 1 (ed. Furthmayr, H.) Boca
Raton, Fla: CRC, pp. 1-29
Kuivaniemi, H., Tromp, G., Chu, M-L. & Prockop, D. J. (1988) Structure of a full length cDNA
clone for the prepro (I) chain of human type I procollagen Biochem. J. 252, 633-640
Laemmli, U. K. (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4 Nature 227, 680-685
Lang, H., Glanville, R. W., Fietzek, P. P. & Kühn, K. (1979) The covalent structure of calf skin type
III collagen. IV. The amino acid sequence of the cyanogen bromide peptide al(III)CB5 (position
552-788) Hoppe-Seyler’s Z. Physiol. Chem. 360, 841-850

Lenard, J. & Singer, S. J. (1968) Alteration of the conformation of proteins in red blood cell
membranes and in solution by fixatives used in electron microscopy J. Cell Biol. 37, 117-121
Leonard, M. P., Canning, D. A., Epstein, J. I., Gearhart, J. P. & Jeffs, R. D. (1990) Local tissue
reaction to the subureteral injection of glutaraldehyde cross-linked bovine collagen in humans J. Urol.
143, 1209-1212
Levy, R. J., Schoen, F. J., Sherman, F. S., Nichols, J., Hawley, M. A. & Lund, S-A. (1986)
Calcification of subcutaneously implanted type I collagen sponges Am. J. Pathol. 122, 741-772
Love, D. R. & Davies, K. E. (1989) Duchenne muscular dystrophy: the gene and the protein Mol.
Biol. Med. 6, 7-17
Lyons, B. L. & Schwartz, R. I. (1984) Ascorbate stimulation of PAT cells causes an increase in
transcription rates and a decrease in degradation rates of procollagen mRNA Nucl. Acids Res. 12,
2569-2579
Macklis, J. D., Sidman, R. L. & Shine, H. D. (1985) Cross-linked collagen surface for cell culture
that is stable, uniform, and optically superior to conventional surfaces In Vitro Cell Develop. Biol. 21,
189-194
Malik, F., Delgado, C., Knüsli, C., Irvine, A. E., Fisher, D. & Francis, G. E. (1992) Polyethylene
glycol (PEG)-modified granulocyte-macrophage colony-stimulating factor (GM-CSF) with conserved

194
biological activity Exp. Hematol. 20, 1028-1035
Mauch, C., Hatamochi, A., Scharfetter, K. & Krieg, T. (1988) Regulation of collagen synthesis in
fibroblasts within a 3-dimensional collagen gel Exp. Cell Res. 178, 493-503
McIntyre, J. A., Gilula, N. B. & Kamovsky, M. J. (1974) Cryoprotectant-induced redistribution of
intramembranous particles in mouse lymphocytes J. Cell Biol. 60, 192-203
McPherson, J, M., Ledger, P. W., Sawamura, S., Conti, A,, Wade, S., Reihanian, H. & Wallace D. G.
(1986) The preparation and physicochemical characterization of an injectable form of reconstituted,
glutaraldehyde cross-linked, bovine corium collagen J. Biomed. Mat. Res. 20, 79-92
McPherson, J. M., Wallace, D. G., Sawamura, S. J., Conti, A., Condell, R. A., Wade, S. & Piez, K.
(1985) Collagen fibrillogenesis in vitro: A characterization of fibril quality as a function of assembly
conditions Coll. Rel. Res. 5, 119-135
Merril, C. R., Goldman, D., Sedman, S. A. & Ebert, M, H. (1981) Ultrasensitive stain for proteins
in polyacrylamide gels shows regional variation in cerebrospinal fluid proteins Science 211,1437-1438
Miller, A. & Parry, D. A. D. (1973) Structure and packing of microfibrils in collagen J. Mol. Biol.
75, 441-447
Mizuno, Y. (1984) Changes in superoxide dismutase, catalase, glutathione peroxidase, and glutathione
reductase activities and thiobarbituric acid-reactive products levels in early stages of development in
dystrophic chickens Exp. Neurol. 84, 58-73
Murad, S., Grove, D., Lindberg, K. A., Reynolds, G., Sivarajah, A. & Pinnell, S. R. (1981)
Regulation of collagen synthesis by ascorbic acid Proc. Natl. Acad. Sci. U.S.A. 78, 2879-2882
Narayanan, A. S., Siegel, R. C. & Martin, G. R. (1972) On the inhibition of lysyl oxidase by Pamino-propionitrile Biochem. Biophys. Res. Comm. 46, 745-751
Narayanan, A. S. & Page, R. C. (1983) Biosynthesis and regulation of type V collagen in diploid
human fibroblasts J. Biol. Chem. 258, 11694-11699
Narayanan, A, S. & Page, R. C. (1987) Serum regulation of collagen biosynthesis in human diploid
fibroblasts Biochem. Biophys. Res. Comm. 145, 639-645
Narayanan, A. S., Voss, T. & Page, R. C. (1985) Transcriptional regulation of fibroblast collagen
synthesis by activated mononuclear cell supernatants Biochem. Biophys. Res. Comm. 131, 1028-1032
Nimni, M. E., Cheung, D., Strates, B., Kodama, M. & Sheikh, K. (1987) Chemically modified
collagen: A natural biomaterial for tissue replacement J. Biomed. Mat. Res. 21, 741-771
Nishikawa, A., Tairo, T. & Yoshizato, K. (1987) In vitro maturation of collagen fibrils modulates
spreading, DNA synthesis and collagenolysis of epidermal cells and fibroblasts Exp. Cell Res. 171,
164-177
Nishiyama, T., Tsunenaga, M., Nakayama, Y., Adachi, E. & Hayashi, T. (1989) Growth rate of
human fibroblasts is repressed by the culture within reconstituted collagen matrix, but not by the
culture on the matrix Matrix 9, 193-199
Notbohm, H., Mosler, S., Bodo, M., Yang, C., Lehmann, H., Bâtge, B. & Müller, P. K. (1992)
Comparative study on the thermostability of collagen I of skin and bone: influence of posttranslational
hydroxylation of prolyl and lysyl residues J. Protein Chem. 11, 635-643

195
Nusgens, B., Merrill, C., Lapiere, C. & Bell, E. (1984) Collagen biosynthesis by cells in a tissue
equivalent matrix in vitro Coll. Rel. Res. 4, 351-364
Ohshima, M., Jung, S-K., Yasuda, T., Sakano, Y. & Fujimoto, D. (1993) Active oxygen-induced
modification alters properties of collagen as a substratum for fibroblasts Matrix 13, 187-194
Oliver, R. F., Grant, R. A., Cox, R. W. & Cooke, A. (1980) Effect of aldehyde cross-linking on
human dermal collagen implants in the rat Br. J. Exp. Path. 61, 544-549
Omaye, S. T, & Tappel, A. L. (1974) Glutathione peroxidase, glutathione reductase, and thiobarbituric
acid-reactive products in muscles of chickens and mice with genetic muscular dystrophy Life Sci. 15,
137-145
Parente, M. G., Chung, L. C., Ryynânen, Woodley, D. T., Wynn, K. C., Bauer, E. A., Mattel, M. G.,
Chu, M. L. & Uitto, J, (1991) Human type VII collagen: cDNA cloning and chromosomal mapping
of the gene Proc. Natl. Acad. Sci. U.S.A. 88, 6931-6935
Petite, H., Rault, I., Hue, A., Menasche, Ph. & Herbage, D, (1990) Use of the acyl azide method for
cross-linking collagen-rich tissues such as pericardium J. Biomed. Mat. Res. 24, 179-187
Pfaff, M., Aumailley, M,, Specks, U., Knolle, J,, Günter Zerwes, H. & Timpl, R. (1993) Integrin and
Arg-Gly-Asp dependence of cell adhesion to the native and unfolded triple helix of collagen type VI
Exp. Cell Res. 206, 167-176
Pierschbacher, M. D. & Ruoslahti, E, (1984a) Cell attachment activity of fibronectin can be duplicated
by small synthetic fragments of the molecule Nature 309, 30-33
Pierschbacher, M. D. & Ruoslahti, E, (1984b) Variants of the cell recognition site of fibronectin that
retain attachment-promoting activity Proc. Natl. Acad. Sci. U.S.A. 81, 5985-5988
Pierschbacher, M. D., Ruoslahti, E., Sundelin, J., Lind, P. & Peterson, P. A. (1982)
attachment domain of fibronectin J. Biol. Chem. 257, 9593-9597

The cell

Piez, K. A. (1976) In Biochemistry of Collagen (ed. Ramachandran, G. N. & Reddi, A. H.) Plenum
Press, New York & London, pp. 1-44
Piez, K. A. (1984) In Extracellular Matrix Biochemistry (ed. Piez, K. A. & Redy, A. H.) Elsevier
Science Publishing Co., New York, pp. 1-13
Piez, K. A. & Miller, A. (1974) The structure of collagen fibrils J. Supramol. Structure 2, 121-137
Pizzey, J., Witkowski, J. & Jones, G. (1984) Monensin-induced inhibition of cell spreading in normal
and dystrophic human fibroblasts Proc. Natl. Acad. Sci. U.S.A. 81, 4960-4964
Pysh, E. S. (1967) The calculated ultraviolet optical properties of poly-L-proline I and II J. Mol.
Biol. 23, 587-599
Pytela, R., Pierschbacher, M. D. & Ruoslahti, E. (1985a) Identification and isolation of a 140 kd cell
surface glycoprotein with properties expected of a fibronectin receptor Cell 40, 191-198
Pytela, R., Pierschbacher, M. D. & Ruoslahti, E. (1985b) A 125/115-kDa cell surface receptor specific
for vitronectin interacts with the arginine-glycine-aspartic acid adhesion sequence derived from
fibronectin Proc. Natl. Acad. Sci. U.S.A. 82, 5766-5770

196
Pytela, R., Pierschbacher, M. D., Ginsberg, M. H., Plow, E. F. & Ruoslahti, E. (1986) Platelet
membrane glycoprotein Ilb-IIIa: member of a family of Arg-Gly-Asp-Specific adhesion receptors
Science 231, 1559-1562
Pytela, R., Pierschbacher, M. D., Argaves, S., Suzuki, S. & Ruoslahti, E. (1987) Arginine-GlycineAspartic acid adhesion receptors In Methods in Enzymology Vol. 144 (ed. Cunningham, L. W. &
Frederiksen, D. W.) Academic Press, New York, pp. 475-489
Quteish, D., Singh, G. & Dolby, A. E. (1990) Development and testing of a human collagen graft
material J. Biomed. Mat. Res. 24, 749-760
Ramachandran, G. N. & Kartha, G. (1954) Structure of Collagen Nature 174, 269-270
Rao, V. H., Steinmann, B., De Wet, W. & Hollister, D. W. (1989) Decreased thermal dénaturation
temperature of osteogenesis imperfecta mutant collagen is independent of post-translational
overmodifications of lysine and hydroxylysine J. Biol. Chem. 264, 1793-1798
Rheinwald, J. G. & Green, H. (1975) Formation of a keratinizing epithelium in culture by a cloned
cell line derived from a teratoma Cell 6, 317-330
Ricard-Blum, S. & Ville, G. (1988) Collagen crosslinking Cell Mol. Biol. 34, 581-590
Ricard-Blum, S. & Ville, G. (1989) Collagen crosslinking (Mini-review) Int. J. Biochem. 21, 11851189
Ridley, A. J. & Hall, A. (1992) The small GTP-binding protein rho regulates the assembly of focal
adhesions and actin stress fibers in response to growth factors Cell 70, 389-399
Robins, S. P. (1983) Analysis of the cross-linking components in collagen and elastin Methods
Biochem. Anal. 28, 329-379
Roe, S. C., Milthorpe, B. K. & Schindhelm, K. (1990) Collagen cross-linking and resorption: Effect
of glutaraldehyde concentration Artif. Organs 14, 443-448
Rompré, P., Auger, F. A., Germain, L., Bouvard, V., Lôpez Valle, C. A., Thibault, J. & Le Duy, A.
(1990) Influence of initial collagen and cellular concentrations on the final surface area of dermal and
skin equivalents: a box-behnken analysis In Vitro Cell Dev. Biol. 26, 983-990
Rosenbloom, J., Feldman, G., Freundlich, B. & Jimenez, S. A. (1984) Transcriptional control of
human diploid collagen synthesis by y-interferon Biochem. Biophys. Res. Commun. 123, 365-372
Rothe, M. J. & Falanga, V. (1992) Growth factors and wound healing Clin. Dermatol. 9, 553-559
Ruoslahti, E., Hayman, E. G., Engvall, E., Cothran, W. C. & Butler, W. T. (1981) Alignment of
biologically active domains in the fibronectin molecule J. Biol. Chem. 256, 7277-7281
Ruoslahti, E. & Pierschbacher, M. D. (1987) New perspectives in cell adhesion: RGD and integrins
Science 238, 491-497
Santoro, S. A. (1986) Identification of a 160,000 dalton platelet membrane protein that mediates the
initial divalent cation-dependent adhesion of platelets to collagen Cell 46, 913-920
Schor, S. L. (1980) Cell proliferation and migration on collagen substrata in vitro J. Cell Sci. 41,
159-175

197
Segal, D, M. (1969) Polymers of tripeptides as collagen molecules. VII, Synthesis and solution
properties of four collagen-like polyhexapeptides J. Mol. Biol. 43, 497-517
Seyer, J. M. & Kang, A. K, (1977) Covalent structure of collagen: Amino acid sequence of cyanogen
bromide peptides from the amino-terminal segment of type III collagen of human liver Biochemistry
16, 1158-1164
Seyer, J, M. & Kang, A. K. (1978) Covalent structure of collagen. Amino acid sequence of five
consecutive CNBr peptides from type III collagen of human liver Biochemistry 17, 3404-3411
Simionescu, A., Simionescu, D. & Deac, R. (1991) Lysine-enhanced glutaraldehyde crosslinking of
collagenous biomaterials J. Biomed. Mat. Res. 25, 1495-1505
Simmons, D. M. & Kearney, J. N. (1993) Evaluation of collagen cross-linking techniques for the
stabilization of tissue matrices Biotechnol. Appl. Biochem. 17, 23-29
Singer, I. I., Scott, S., Kawka, D. W., Kazazis, D. M., Gailit, J. & Ruoslahti, E. (1988) Cell surface
distribution of fibronectin and vitronectin receptors depends on substrate composition and extracellular
matrix accumulation J. Cell Biol. 106, 2171-2182
Soininen, R., Huotari, M., Ganguly, A., Prockop, D. J. & Tryggvason, K. (1989) Structural
organization of the gene for the a l chain of human type IV collagen J. Biol. Chem. 264, 13565-13571
Souren, J. E., Ponec, M. & Van Wijk, R. (1989) Contraction of collagen by human fibroblasts and
kératinocytes In Vitro Cell and Develop. Bio. 25, 1039-1045
Staatz, W. D., Fok, K. P., Zutter, M. M., Adams, S. P., Rodriguez, B. A. & Santoro, S. A. (1991)
Identification of a tetrapeptide recognition sequence for the ttjPi integrin in collagen J. Biol. Chem.
266, 7363-7367
Staatz, W. D., Walsh, J. J., Pexton, T. & Santoro, S. A. (1990) The agP, integrin cell surface collagen
receptor binds to the al(l)-CB3 peptide of collagen J. Biol. Chem. 265, 4778-4781
Steele, J. G., Johnson, G. & Underwood, P. A. (1992) Role of serum vitronectin and fibronectin in
adhesion of fibroblasts following seeding onto tissue culture polystyrene J. Biomed. Mat. Res. 26, 861884
Stricklin, G. P., Bauer, E. A., Jeffrey, J. J. & Eisen, A. Z. (1977) Human skin collagenase: isolation
of precursor and active forms from both fibroblast and organ cultures Biochemistry 16, 1607-1615
Stryer, L. (1981) In Biochemistry (ed. Stryer, L.) W. H. Freeman & Co., New York, pp. 184-204
Sugihara, H., Toda, S., Miyabara, S., Kusaba, Y. & Minami, Y. (1991) Reconstruction of the skin in
the 3-D collagen gel matrix culture In Vitro Cell Dev. Biol. 27A, 142-146
Suzuki, S., Pierschbacher, M. D., Hayman, E. G., Nguyen, K., Ôgren, Y. & Ruoslahti, E. (1984)
Domain structure of vitronectin J. Biol. Chem. 259, 15307-15314
Takehara, K., Grotendorst, G. R., Trojanowska, M. & Leroy, E. C. (1986) Ascorbate effects on Type
1 procollagen synthesis by human adult skin fibroblasts: different migration positions of Type 1
procollagen chains on SDS polyacrylamide gel after incubation with ascorbate Collagen Relat. Res.
6, 455-466
Tanzer, M. L. (1976) In Biochemistry o f Collagen (ed. Ramchandran, G. N. & Reddi, A. H.) Plenum
Press, New York and London, pp. 137-162

198
Tromp, G., Kuivaniemi, H,, Stacey, A., Shikata, H., Baldwin, C. T., Jaenisch, R, & Prockop, D. J,
(1988) Structure of a full length cDNA clone for the prepro (I) chain of human type I procollagen
Biochem. J. 253, 633-640
Tuckwell, D, S., Ayad, S., Grant, M. E., Takigawa, M. & Humphries, M. J. (1994) Inability of
collagen peptides to support ajP, binding, and mediation of adhesion to denatured collagen by a novel
ajP,-fibronectin bridge J. Cell Sci. 107, 993-1005
Tuckwell, D, S. & Humphries, M. J. (1993) The molecular and cellular biology of integrins Crit.
Rev. Oncol./Hematol. 15, 149-171
Vandenberg, P., Kern, A., Ries, A., Luckenbill-Edds, L., Mann, K. & Kühn, K. (1991)
Characterization of a Type IV collagen major cell binding site with affinity to the a l 1988,3
1 and the a ip i integrins J. Cell Biol. 113, 1475-1483
Van Luyn, M. J. A., Van Wachem, P. B., Olde Damink, L.H. H.,Dijkstra, P. J., Fey en, J. &
Nieuwenhuis, P. (1992) Secondary cytotoxicity of cross-linked dermal sheep collagens during repeated
exposure to human fibroblasts Biomaterials 13, 1017-1024
Vasiliev, J. M. (1985) Spreading of non-transformed and transformed cells Biochim. Biophys. Acta
780, 21-65
Virtanen, I., Vartio, T., Badley, R. A. & Lehto, V. P. (1982) Fibronectin in adhesion, spreading and
cytoskeletal organization of cultured fibroblasts Nature 298, 660-663
Walchi, C., Trueb, J. & Trueb, B. Complete structure of the (VI) collagen gene. Fourth International
Conference on the Molecular Biology and Pathology of Matrix, Philadelphia, PA
Watkins, S. C., Hoffinan, E. P., Slayter, H. S. & Kunkel, L. M. (1988) Immunoelectron microscopic
localization of dystrophin in myofibres Nature 333, 863-866
Weadock, K., Olsen, R. M, & Silver, F. H. (1984) Evaluationof collagencrosslinking techniques
Biomater. Med. Devices Art. Org. 11, 293-318
Weil, D., Bernard, M., Gargano, S. & Ramirez, F. (1987) The pro a2(V) collagen gene is
evolutionarily related to the major fibrillar-forming collagens Nucleic Acid Res. 15, 181-198
Welch, M. P., Odland, G. F. & Clark, A, F, (1990) Temporal relationships of F-actin bundle
formation, collagen and fibronectin matrix assembly and fibronectin receptor expression to wound
contraction J. Cell Biol. 110, 133-145
Wenczak, B, A., Lynch, J. B. & Nanney, L. B. (1992) Epidermal growth factor receptor distribution
in bum wounds J. Clin. Invest. 90, 2392-2401
Werner, S., Peters, K, G., Longaker, M. T., Fuller-Pace, F., Banda, M. J. & Williams, L. T. (1992)
Large induction of keratinocyte growth factor expression in the dermis during wound healing Proc.
Natl. Acad. Sci. 89, 6896-6900
Wilhelm, S. M., Eisen, A. Z., Teter, M., Clark, S. D., Kronberger, A. & Goldberg, G. (1986) Human
fibroblast collagenase: glycosylation and tissue-specific levels of enzyme synthesis Proc. Natl. Acad.
Sci. USA 83, 3756-3760
Witkowski, J. A. & Brighton, W. D. (1971) Stages of spreading of human diploid cells on glass
surfaces Exp. Cell Res. 68, 372-380

199
Wold, F. (1972) Bifunctional reagents In Methods in Enzymology Vol. 25 (ed. Hirs, C. H. W.)
Academic Press, New York, pp. 623-651
Wrana, J. L., Sodek, J., Ber, R. L. & Bellows, C. G. (1986) The effects of platelet-derived
transforming growth factor P on normal human diploid gingival fibroblasts Eur. J. Biochem. 159, 6976
Yamada, K. M. & Kennedy, D. W. (1979) Fibroblast cellular and plasma fibronectins are similar but
not identical J. Cell Biol. 80, 492-497
Yamada, K. M. & Kennedy, D. W. (1984) Dualistic nature of adhesive protein function: fibronectin
and its biologically active peptide fragments can autoinhibit fibronectin function J. Cell Biol. 99, 2936
Yamada, K. M. & Kennedy, D. W. (1985) Amino acid sequence specificities of an adhesive
recognition signal J. Cell. Biochem. 28, 99-104
Yamauchi, M., London, R. E., Guenat, C., Hashimoto, F. & Mechanic, G. L. (1987) Structure and
formation of a stable histidine-based trifimctional cross-link in skin collagen J. Biol. Chem. 262,
11428-11434
Yamauchi, M., Woodley, D. T. & Mechanic, G. L. (1988) Aging and crosslinking of skin collagen
Biochem. Biophys. Res. Comm. 152, 898-903
Yannas, 1. V. & Burke, J. F. (1980a) Design of an artificial skin. 1. Basic design principles J.
Biomed. Mat. Res. 14, 65-81
Yannas, 1. V., Burke, J. F., Gordon, P. L., Huang, C. & Rubenstein, R. H. (1980b) Design of an
artificial skin. 11. Control of chemical composition J. Biomed. Mat. Res. 14, 107-131
Yoshizato, K., Taira, T. & Shioya, N. (1984) Collagen-dependent growth suppression and changes
in the shape of human dermal fibroblasts Ann. Plast. Surg. 13, 9-14
Yoshizato, K., Taira, T. & Yamamoto, N. (1985)
reconstituted collagen fibrils Biomed. Res. 6, 61-71

Growth inhibition of human fibroblasts by

Zhao, Y. & Sane, D. C. (1993) The cell attachment and spreading activity of vitronectin is dependent
on the Arg-Gly-Asp sequence Biochem. Biophys. Res. Comm. 192, 575-582

200

POSTER PUBLICATIONS

1.

Spreading of skin fibroblasts on chemically-modified collagen
L. Thome, C. A. Rice-Evans & J. A. Lucy
Society for Free Radical Research Meeting
University of Paris, France
September 1991

2.

Cell spreading on collagen that has been exposed to reactive aldehydes
L. Thome, W. Davies, S. C. Brown, C. A. Rice-Evans & J. A. Lucy
643 rd Meeting of the The Biochemical Society
University of Warwick, England
July 22-24 1992

3.

Variations of cell spreading of 3T3 & human skin fibroblasts on modified collagens
L. Thome
645th Meeting of The Biochemical Society
Royal Free Hospital School of Medicine, London, England
December 14-18 1992

4.

The structural modification of collagen, induced by reactive aldehydes
L. Thome, S. C. Brown, A. Drake & J. A. Lucy
1st Joint Meeting of the European Tissue Repair Society and the Wound Healing Society
RAI Centre, Amsterdam, The Netherlands
August 22-25 1993

201

PUBLICATIONS

1.

Cell spreading on collagen that has been exposed to reactive aldehydes
L. Thome, W. Davies, S. C. Brown, C. A, Rice-Evans & J. Lucy

Biochem. Sac. Trans. 20, 3698 (1992)

2.

Spreading of human and mouse fibroblasts on chemically-modified collagen
L. Mustoe (née Thome), S. C. Brown & J. A. Lucy
In preparation

3.

Reactive aldehyde-induced modification changes properties of collagen as a substratum for
skin fibroblasts
L. Mustoe
In preparation

202

APPENDICES
Appendix 1: Fluorescence at Various Collagen Concentrations

Collagen concentration

Mean fluorescence

Mean % increase in

(Pg)

(arbitrary units)

fluorescence

0

0.00

0.00

2.5

25.50

9.19

5

36.23

13.05

7.5

40.00

14.41

10

44.17

15.92

12.5

53.00

19.10

15

107.00

38.56

20

117.50

42.34

25

191.20

68.90

30

234.50

84.50

50

277.50

100.00

n=3
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Appendix 2: Fluorescence of Native and Giutaraldehyde-Treated Collagen Solutions

Glutaraldehyde concentration

Mean % fluorescence

Mean % decrease in

(mM)

(arbitrary units)

fluorescence

0

100.0

0.0

5

83.2

16.9

12.5

85.3

14.8

25

73.6

26.5

37.5

59.3

40.8

50

39.7

50.3

62.5

27.5

72.5

75

26.9

73.1

100

31.0

69.0

n=3
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Appendix 3: Fluorescence of Native and Malondialdehyde-Treated Collagen Solutions

Malondialdehyde concentration

Mean % fluorescence

Mean % decrease in

(mM)

(arbitrary units)

fluorescence

0

100.0

0.0

12.5

95.4

4.6

25

86.7

13.3

37.5

74.5

25.5

50

66.7

33.3

62.5

64.1

35.9

75

59.1

40.9

100

49.5

50.5

n=3
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Appendix 4: Fluorescence of Native and Hexadienal-Treated Collagen Solutions

Hexadienal concentration

Mean % fluorescence

Mean % decrease in

(mM)

(arbitrary units)

fluorescence

0

100.0

0.0

12.5

85.5

14.5

25

72.3

27.7

37.5

60.5

39.5

50

52.5

47.5

62.5

50.4

49.6

75

50.0

50.0

100

44.0

56.0

n=3
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Appendix 5: Effect of Serum on Human Fibroblast Spreading

Time (min) of cell

Geo. mean cell area (pm^) in

Geo. mean cell area (pm^) in

serum-containing conditions

serum-free conditions

15

147

157

30

384

307

60

760

415

90

1081

544

spreading

Mean = mean of 100 cell areas (pm^)

207
Appendix 6: Effect of the Density of Collagen on Human Skin Fibroblasts allowed to Spread for
100 Minutes in Serum-Free Conditions

Collagen density

Geometric mean

Mean cell

(pg/cm^)

cell area (pm^):

area (pm^):

DU

DU

0

155

175

18

168

188

24

177

205

30

181

196

42

180

197

48

167

184

Mean = mean of 100 cell areas (pm^)
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Appendix 7: Effect of the Density of Collagen on Human Skin Fibroblasts allowed to Spread for
200 Minutes in Serum-Free Conditions

Collagen density

Geometric mean

Mean cell

Geometric mean

Mean cell

(pg/cm^)

cell area (pm^):

area (pm^):

cell area (pm^):

area (pm^):

DU

DU

KY

KY

0

1116

1823

200

372

18

1253

1906

389

448

24

1665

2538

418

505

367

453

381

470

30
42

1160

1793

48

1008

1481

Mean = mean of 100 cell areas (|xm^)
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Appendix 8: Effect of the Density of Collagen on Human Fibroblasts allowed To Spread for 68
Hours in Serum-Free Conditions

Collagen density

Geometric mean

Mean cell

(pg/cm^)

cell area (pm^):

area (pm^):

DU

DU

KY

KY

4013

5250

3970

5984

18

4435

5430

24

3564

4463

0

Geometric mean
cell area (pm^);

Mean cell
area (pm^):

Cells allowed to spread on higher collagen concentrations were too polarized to enable an
accurate cell measurement to be made.
Mean = mean of 100 cell areas (pm^)
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Appendix 9: Effect of Substrate Drying Rate on Human Fibroblast (KY) Spreading

Substrate

Mean

Av.

(pm^)

mean

Coll:S

470

Coll:S

470

C + M:S

683

C + M:S

585

Coll:F

426

Coll:F

433

C + M:F

555

C + M:F

589

470

S.D.

0

S.E.

0

Geo.

Av,

S.D.

S.E.

mean

geo.

(pm^)

mean

411

402

13

9

528

52

37

381

13

9

476

23

16

392
634

69

49

564
491

430

5

4

371
390

572

24

Cells were allowed to spread for 100 minutes
S = slow substrate drying rate
F = fast substrate drying rate
Coll = collagen
C + M = malondialdehyde-treated collagen
Mean = mean of 100 cell areas (pm^)

17

460
492

211

Appendix 10: Effect of Gelatin on 3T3 Fibroblast Spreading

Substrate

Collagen

Mean

Av,

(pm^)

mean

383

373

S.D.

14

S.E.

10

Geo.

Av.

mean

geo

(pm^)

mean

322

S.D.

S.E.

317

8

6

211

6

4

205

2

1

213

5

4

208

5

4

194

8

6

(0 pg/ml
gelatin)

363

20 pg/ml

241

311

239

4

3

207

gelatin
236

25 pg/ml

21

215

223

2

1

206

gelatin
224

33.33 pg/ml
gelatin

50 pg/ml

241

203

234

10

7

209

227
230

216

227

5

4

211

gelatin
204

223

100 pg/ml

215

209

9

6

200

gelatin
202

188

Cells were allowed to spread for 100 minutes in serum-ffee conditions
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Mean = mean of 100 cell areas

Appendix 11: Cell Areas for Human Fibroblasts that were Spread on Untreated or Modified
Collagen

Substrate

Mean

Av.

(pm^)

mean

S.D.

SUE.

Geo.

Av. geo.

S.D.

SUE.

mean

mean

563

152

107

792

143

101

910

60

42

(pm^)
Collagen

831

Collagen

696

MDA-

1211

764

95

67

670
455

1159

74

52

893

treated
collagen
MDA-

691

1106

treated
collagen
HDA-

1257

1276

27

19

952

treated
collagen
HDA-

1295

867

treated
collagen

Mean = mean of 100 cell areas (|im^)
Human fibroblast cells (HW) were allowed to spread for 100 minutes in serum-free conditions
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Appendix 12: Cell Areas for 3T3 Fibroblasts that were Spread on Untreated or Modified
Collagen

Substrate

Mean

Av.

(pm")

mean

S.D.

S.E.

S.D.

S.E.

600

68

48

1112

89

63

1036

49

35

Geo.

Av. geo.

mean

mean

(pm")
Collagen

814

Collagen

838

MDA-

1375

826

17

12

648
552

1410

49

35

1049

treated
collagen
MDA-

1175

1444

treated
collagen
HDA-

1326

1335

12

8

1070

treated
collagen
HDA-

1343

1001

treated
collagen

Mean = mean of 100 cell areas (pm^)
3T3 fibroblasts were allowed to spread for 100 minutes in serum-free conditions
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Appendix 13: Cell Areas for Human Skin Fibroblasts that were Spread on Untreated or
Modified Collagen

Substrate

Mean

Av.

(pm"")

mean

S.D.

S.E.

Geo.

Av. geo.

S.D.

S.E.

mean

mean

469

6

4

1443

173

122

(pm^)
Collagen

801

Collagen

860

GTA-

2750

831

42

30

473
464

2581

240

170

1565

treated
collagen
GTA-

2411

1320

582

366

treated
collagen
Glass
control

Mean = mean of 100 cell areas (|im^)
Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-free conditions
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Appendix 14: Cell Areas for 3T3 Fibroblasts that were Spread on Untreated or Modified
Collagen

Substrate

Mean

Av.

(pm^)

mean

S.D.

S.E.

Geo.

Av. geo.

S.D.

S.E.

mean

mean

409

69

49

595

18

13

(pm")
Collagen

701

Collagen

534

GTA-

735

618

118

83

457
360

758

32

23

582

treated
collagen
GTA-

780

607

392

332

treated
collagen
Glass
control

Mean = mean of 100 cell areas (pm^)
3T3 fibrolasts were allowed to spread for 100 minutes in serum-free conditions
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Appendix 15: Cell Areas for Human Skin Fibroblasts that were Spread on Untreated or
Modified Collagen

Substrate

Mean

Av.

(pm")

mean

S.D.

S.E.

Geo.

Av. geo.

mean

mean

S.D.

S.E.

463

120

69

477

260

150

(pm")
685

821

Collagen

656

563

Collagen

576

495

GTA-

844

1044

125

72

Collagen

279

161

330

177

treated
collagen
GTA-

1363

636

925

618

treated
collagen
GTAtreated
collagen

Mean = mean of 100 cell areas (pm^)
Human skin fibroblast (HW) cells were allowed to spread for 100 minutes in serum-free conditions
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Appendix 16: Cell Areas for 3T3 Fibroblasts that were Spread on Untreated or Modified
Collagen

Substrate

Mean

Av.

(pm")

mean

S.D.

S.E.

Geo.

Av. geo.

S.D.

S.E.

mean

mean

231

59

34

347

80

46

(pm")
349

73

42

284

Collagen

397

Collagen

264

168

Collagen

384

241

GTA-

474

476

29

17

359

treated
collagen
GTA-

448

263

507

421

treated
collagen
GTAtreated
collagen

Mean = mean of 100 cell areas (pm^)
3T3 fibroblasts were allowed to spread for 100 minutes in serum-free conditions

218
Appendix 17: Effect of Substrate Acidity on 3T3 Fibroblast Spreading

Substrate

Mean

Av.

(pm")

mean

Coll+HCl:U

246

Coll+HCl:U

239

Coll+HCl:D

252

Coll+HCl;D

239

Coll+HCl+H^OiU

248

Coll+HCl+HjOiU

252

Co11+HC1+H20:D

252

Coll+HCl+HzOiD

266

243

S.D.

5

S.E.

4

Geo.

Av.

S.D.

S.E.

mean

geo.

(pm")

mean

211

212

1

1

219

8

6

223

1

1

225

10

7

213
246

9

6

224
213

250

3

2

224
222

259

Cells were allowed to spread for 100 minutes
Coll = collagen
U = undialyzed
D = dialyzed
Mean = mean of 100 cell areas (pm^)

10

7

218
232

219
Appendix 18: Effect of Substrate Acidity on Human Fibroblast (KY) Spreading

Substrate

Mean

Av.

(pm^)

mean

Coll+HCl:U

323

Coll+HCl:U

349

Coll+HCl:D

330

Coll+HCl:D

343

Coll+HCl+HjOiU

360

Coll+HCl+HjOiU

356

Co11+HC1+H20:D

379

Co11+HC1+H20:D

357

336

U = undialyzed
D = dialyzed

18

S.E.

13

Geo.

Av.

mean

geo.

(pm^)

mean

291

S.D.

S.E.

302

15

11

272

11

8

314

11

8

308

20

14

312
337

9

6

279
264

358

3

2

322
306

368

Cells were allowed to spread for 100 minutes
Coll = collagen

S.D.

16

11

322
294

220

Appendix 19: Effect of Dialysis on 3T3 Fibroblast Spreading on Native and Modified Collagen

Substrate

Mean

Av.

(pm^)

mean

S.D.

S.E.

Geo.

Av. geo.

mean

mean

S.D.

S.E.

331

20

14

317

8

6

487

1

1

379

33

23

425

24

17

(pm^)
Coll:D

250

274

34

24

317

Coll:D

298

Coll:U

383

Coll:U

363

C+M:D

550

C+M:D

578

487

C+M:U

*

*

C+M:U

202

192

C+G:D

437

C+G:D

457

402

C+G:U

212

191

C+G:U

*

*

C+H;D

459

C+H;D

504

442

C+H:U

*

*

C+H:U

*

*

345
373

14

10

322
311

564

447

482

20

14

32

14

10

23

486

356

408

221

Mean = mean of 100 ceil areas (pm^)
3T3 fibroblasts were allowed to spread for 100 minutes in serum-free conditions
* All collagen solutions pretreated with a reactive aldehyde, when undialyzed, showed poor adhesion:
too few attached to allow measurement
C + M = malondialdehyde-treated collagen
C + H = hexadienal-treated collagen
C + G = glutaraldehyde-treated collagen

Appendix 20: Effect of Collagen, Modified with Varying Malondialdehyde Concentrations, on
Human Fibroblast Spreading

Substrate

Mean

Av,

(pm^)

mean

Collagen

558

Collagen

637

Coll +15 mM MDA

733

Coll + 15 mM MDA

742

Coll + 30 mM MDA

747

Coll + 30 mM MDA

827

Coll + 50 mM MDA

912

Coll + 50 mM MDA

1112

597

S.D.

56

S.E.

40

Geo.

Av.

S.D.

S.E.

mean

geo.

(pm^)

mean

399

379

28

20

481

33

23

538

14

10

523

34

24

360
738

6

5

504
458

787

57

40

528
548

1012

141

100

499
547

Mean = mean of 100 cell areas (pm^)
Human skin fibroblasts (HW) were allowed to spread for 100 minutes in serum-free conditions
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Appendix 21: Effect of Collagen, Modified with Varying Malondialdehyde Concentrations, on
3T3 Fibroblast Spreading

Substrate

Mean

Av,

(pm^)

mean

S.D.

Av.

mean

geo.

(pm^)

mean

426

504

Collagen

432

290

Collagen

464

339

Coll + 15 mM MDA

577

Coll +15 mM MDA

466

298

Coll + 15 mM MDA

600

455

Coll + 30 mM MDA

798

Coll + 30 mM MDA

630

436

Coll + 30 mM MDA

593

440

Coll + 50 mM MDA

816

Coll + 50 mM MDA

625

444

Coll + 50 mM MDA

686

526

547

673

709

72

109

98

21

Geo.

Collagen

467

36

S.E.

41

63

56

410

689

680

S.D.

S.E.

352

69

40

388

81

47

521

145

84

550

120

69

Mean = mean of 100 cell areas (pm^)
3T3 fibroblasts were allowed to spread for 100 minutes in serum-tfee conditions
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Appendix 22: Cell Areas for Human Skin and Mouse 3T3 Fibroblasts after Spreading on Native
and Modified Collagens

Fibroblast Type

Substrate
Human skin

Collagen

Malondialdehyde-treated collagen

Hexadienal-treated collagen

Glutaraldehyde-treated collagen

Mouse 3T3
Mean

Mean

Geo. mean

572

491

250

317

556

506

298

345

752

521

550

486

735

621

578

487

722

665

459

408

720

695

504

442

762

696

437

356

748

671

457

402

Mean = mean of 100 ceil areas (pm^)
Geo. mean = geometric mean of 100 cell areas (pm^)

Geo. mean
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Appendix 23: Cell Areas for Human Skin and Mouse 3T3 Fibroblasts after Spreading on Native
and Modified Collagens

Substrate

Fibroblast Type
Human skin
Strain JV

Collagen

Malondialdehydetreated collagen

Hexadienal-treated
collagen

Glutaraldehydetreated collagen

Strain CH

Mouse 3T3
Strain TG

Mean

G.M.

Mean

G.M.

Mean

G.M.

Mean

G.M.

995

856

1021

896

945

838

211

201

915

768

954

737

949

788

242

227

955

810

1004

905

968

833

230

214

991

884

1087

976

848

761

381

322

980

808

1066

894

923

831

387

325

943

809

1121

992

933

854

368

315

1257

1037

1267

1069

1031

818

275

250

1240

1095

1305

1172

1096

975

262

229

1229

1031

1296

1043

1186

1074

253

213

1513

1321

1562

1364

1340

1184

273

239

1514

1321

1468

1333

1426

1270

265

228

1509

1317

1536

1378

1483

1277

263

231

Mean = mean of 100 cell areas (pm^)
Geo. mean - geometric mean of 100 cell areas (pm^)
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Appendix 24: Time and Temperature Study of Cell Spreading on Collagen

Substrate

Glass

Mean

Av,

(pm^)

mean

539

532

S.D.

10

S.E.

7

525
CoIlagen:35°C:6h

951

1089

939

17

12

1069

1038

72

51

916

1046

33

23

869

958

59

42

922

873

6

4

937
912

431

438

4

3

731

686

64

45

867

822

64

45

794

815

30

21

737

741

5

4

726

720

8

6

733

9

6

722

16

11

714
896

37

26

726
739

870
Collagen:37°C:20 h

mean

744

877
ColIagen:37°C:12 h

(pm")

836

999
CoIlagen:37°C:6 h

geo.

S.E.

776

1022
Collagen:35°C:24 h

mean

S.D.

641

987
ColIagen:35°C:20 h

Av.

445

927
Coilagen:35°C:12 h

Geo.

925

18

13

711
733

226
Collagen:37"C:24 h

889

885

6

4

880
Collagen:38.5°C:6 h

669

678

12

8

643

650

656

19

13

692

666

22

16

576

680

17

12

578

575

2

1

553

558

28

20

515

24

502

538

51

36

546

564

25

18

556

563

9

6

517

504

19

13

502

495

11

8

503

1

1

485

57

40

487
550

4

3

547
Collagen:40°C:24 h

34

490

538
Collagen:40°C:20 h

550

569

573
Collagen:40®C:12 h

526

581

668
Collagen:40°C:6 h

13

574

681
Collagen:38.5°C:24 h

18

574

670
Collagen:38.5°C:20 h

652

664

686
Collagen:38.5®C:12 h

639

504
502

577

638

87

62

445
525

Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-free conditions.
Temperatures refer to the temperature at which the collagen was incubated, during preparation.
Hours refer to the length of incubation.
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Appendix 25: Time & Temperature Study of Cell Spreading on Malondialdehyde-Treated
Collagen

Substrate

Glass

Mean

Av.

(nm^)

mean

393

394

S.D.

1

S.E.

1

394
677

677

MDA-treated

850

874

MDA-treated
collagen;35°C:12 h

MDA-treated
collagen:35°C:20 h

MDA-treated
collagen:35°C:24 h

MDA-treated
collagen:37°C:6 h

MDA-treated
collagen:37°C: 12 h

33

23

854

18

13

841
908

908

0

0

833

42

30

777

mean

339

351

17

12

577

577

692

687

7

5

693

13

9

732

0

0

674

2

1

639

72

51

614

76

54

702

732

672
675

795

51

36

588
690

831
850

(pm^)

732

803
759

geo.

S.E.

684

908
862

mean

S.D.

682

897
867

Av.

363

Collagen:37°C:20 h

collagen: 35°C: 6 h

Geo.

814

52

37

668
580

228
MDA-treated
collagen:37°C:20 h

MDA-treated
collagen:37°C:24 h

MDA-treated
collagen:38.5°C:6 h

MDA-treated
collagen:38.5°C:12 h

MDA-treated
collagen:38.5°C:20 h

MDA-treated
collagen:38.5°C:24 h

MDA-treated
collagen:40°C:6 h

MDA-treated
collagen:40°C:12 h

MDA-treated
coIlagen:40°C:20 h

MDA-treated
collagen:40°C:24 h

906

896

15

11

885
877

883

8

6

746

18

13

801

16

11

754

6

4

771

49

35

977

37

26

1049

194

137

893

629

621

12

8

521

578

80

57

601

603

3

2

602

599

4

3

641

704

89

63

665

774

154

109

708

4

3

790

168

119

883
967

59

42

1009
1137

24

767

1186
925

34

596

1003
912

689

605

736
950

685

634

750
806

58

612

812
768

82

713

733
789

664

722

889
759

606

710
705

1015

173

122

908
671
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Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-fi-ee conditions.
The temperature refers to the temperature at which the collagen was incubated with malondialdehyde,
during preparation.
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Appendix 26: Time & Temperature Study of Cell Spreading on Hexadienal-Treated Collagen

Substrate

Glass

Mean

Av.

(pm^)

mean

330

327

S.D.

5

S.E.

4

323
549

549

Hexadienal-treated

832

813

Hexadienal-treated
collagen:35°C:12 h

Hexadienal-treated
collagen:35°C:20 h

Hexadienal-treated
collagen:35°C:24 h

Hexadienal-treated
collagen:37°C:6 h

Hexadienal-treated
collagen:37°C:12 h

Hexadienal-treated

27

19

825

3

2

799

17

12

742

18

13

710

9

6

300

14

10

697

691

8

6

728

737

16

11

688

667

30

21

623

618

7

5

651

638

18

13

643

6

4

680

21

15

625
745

35

25

647
638

770
722

310

613

703
720

mean

645

729
716

(pm^)

746

787
755

geo.

S.E.

685

823
811

mean

S.D.

480

794
827

Av.

290

ColIagen:37°C:20 h

collagen:35°C:6 h

Geo.

721

1

1

665

231

720
Hexadienal-treated
collagen:37°C:24 h

Hexadienal-treated
collagen:38.5°C:6 h

Hexadienal-treated
collagen:38.5®C:12 h

Hexadienal-treated
collagen:38.5°C:20 h

Hexadienal-treated
collagen:38.5°C:24 h

Hexadienal-treated
collagen:40°C:6 h

Hexadienal-treated
collagen:40°C:12 h

Hexadienal-treated
collagen:40°C:20 h

Hexadienal-treated
collagen:40°C:24 h

740

695
741

1

1

741
654

656

3

2

707

6

4

654

30

21

745

27

19

657

28

20

616

15

11

653

2

571

588

23

16

582

581

2

1

660

656

6

4

586

597

15

11

442

521

111

78

537

25

18

573

11

8

599
605

21

15

590
620

3

607

626
619

589

652

676
605

587

579

726
637

4

604

633
764

6

591

711
675

720

717

658
702

726

554
519

637

23

16

565
581

Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-ffee conditions.
The temperatures refer to the temperatures at which collagen was incubated with hexadienal.
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Appendix 27: Time & Temperature Study of Cell Spreading on Glutaraldehyde-Treated Collagen

Substrate

Glass

Mean

Av.

(pm=")

mean

330

327

S.D.

5

S.E.

4

Collagen:37°C:20 h

549

549

GTA-treated

638

643

GTA-treated
collagen:35°C;12 h

GTA-treated
collagen:35°C:20 h

GTA-treated
coIlagen;35°C:24 h

GTA-treated
collagen:37°C:6 h

GTA-treated
coIlagen:37°C:12 h

6

4

904

13

9

998

178

126

768

6

4

697

49

37

865

310

300

14

10

480

480

548

551

30

21

753

113

80

815

25

18

651

25

18

596

18

13

804

18

13

774

895

669

613
578

662
944

mean

633

763
731

(pm^)

735

872
772

geo.

S.E.

732

913
1124

mean

S.D.

553

647
894

Av.

290

323

collagen:35°C:6 h

Geo.

905

56

40

827
781
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GTA-treated
collagen:37°C:20 h

GTA-treated
collagen;37°C:24 h

GTA-treated
collagen:38.5°C:6 h

GTA-treated
collagen:38.5°C:12 h

GTA-treated
collagen:38.5°C:20 h

GTA-treated
collagen:38,5°C;24 h

GTA-treated
collagen;40°C:6 h

GTA-treated
collagen:40°C:12 h

GTA-treated
collagen:40°C:20 h

GTA-treated
collagen:40°C:24 h

762

755

10

7

748
775

762

19

13

753

5

4

812

5

4

822

97

69

693

22

16

682

93

66

690

29

21

612

654

657

5

4

724

721

72

51

660

711

49

35

513

548

74

52

527

579

43

30

571

602

6

4

506

18

15

544

18

13

632
574

22

16

501
510

589
609

3

631

710
558

4

583

748
669

596

762

708
616

604

717

890
677

8

660

815
753

12

587

749
808

684

671

748
756

696

611

2

1

556
531
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Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-ffee conditions.
Temperatures refer to the temperatures at which collagen was incubated with glutaraldehyde during
preparation.
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Appendix 28: Time and Temperature Study of Ceil Spreading on Collagen

Substrate

Av. % increase in mean

Av. % increase in geo.

cell area

mean cell area

Collagen:35°C:6 h

77

51

Collagen:35°C:12 h

95

81

Collagen:35°C:20 h

97

79

Collagen:35°C:24 h

80

63

Collagen:37°C:6 h

64

58

Collagen:37°C:12 h

68

61

Collagen:37°C:20 h

74

59

Collagen:37°C:24 h

66

43

Collagen:38.5°C:6 h

27

21

Collagen:38.5°C:12 h

23

18

Collagen:38.5°C:20 h

25

24

Collagen:38.5°C:24 h

28

24

Collagen:40°C:6 h

8

11

Collagen:40°C:12 h

5

9

Collagen:40°C:20 h

3

11

Collagen:40°C:24 h

8

7

Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-free conditions.
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Average % increase in cell spreading is calculated relative to spreading on glass.

Appendix 29; Time and Temperature Study of Cell Spreading on Malondialdehyde-Treated
Collagen

Subtrate

Av. % increase in

Av. % increase in

mean cell area

geo. mean cell area

Collagen:37°C:20 h

72

64

Malondialdehyde-treated

122

96

117

97

130

109

111

92

102

82

107

75

127

89

124

96

collagen:35°C:6 h
Malondialdehyde-treated
collagen:35°C:12 h
Malondialdehyde-treated
collagen:35®C:20 h
Malondialdehye-treated
collagen:35°C:24 h
Malondialdehyde-treated
collagen:37®C:6 h
Malondialdehyde-treated
collagen:37°C:12 h
Malondialdehyde-treated
collagen;37°C:20 h
Malondialdehyde-treated
collagen;37°C;24 h

237
Malondialdehyde-treated

89

77

103

65

91

72

96

71

148

101

166

121

145

102

158

125

collagen:38.5°C:6 h
Malondialdehyde-treated
collagen:38.5®C:12 h
Malondialdehyde-treated
collagen:38.5°C:20 h
Malondialdehyde-treated
collagen:38.5°C:24 h
Malondialdehyde-treated
collagen:40°C:6 h
Malondialdehyde-treated
collagen:40°C:12 h
Malondialdehyde-treated
collagen:40°C:20 h
Malondialdehyde-treated
collagen:40°C:24 h

Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-ffee conditions.
Average % increase in cell spreading is calculated relative to spreading on glass.
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Appendix 30: Time and Temperature Study of Cell Spreading on Hexadienal-Treated Collagen

Substrate

Av. % increase in mean

Av, % increase in geo.

cell area

mean cell area

Collagen; 37°C: 20 h

69

56

Hexadienal-treated

149

124

152

139

144

117

127

101

117

107

128

109

120

121

127

134

101

91

collagen:35°C:6 h
Hexadienal-treated
collagen:35°C: 12 h
Hexadienal-treated
collagen:35°C:20 h
Hexadienal-treated
collagen:35°C:24 h
Hexadienal-treated
collagen:37®C:6 h
Hexadienal-treated
collagen:37°C:12 h
Hexadienal-treated
collagen:37°C:20 h
Hexadienal-treated
collagen:37°C:24 h
Hexadienal-treated
collagen:38.5°C;6 h
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Hexadienal-treated

116

91

100

89

128

113

101

94

88

69

85

74

95

86

collagen:38.5°C:12 h
Hexadienal-treated
collagen;38.5°C:20 h
Hexadienal-treated
collagen:38.5°C:24 h
Hexadienal-treated
collagen:40°C:6 h
Hexadienal-treated
collagen:40°C:12 h
Hexadienal-treated
collagen:40°C:20 h
Hexadienal-treated
collagen:40°C:24 h

Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-free conditions.
Average % increase in cell spreading is calculated relative to spreading on glass.
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Appendix 31: Time and Temperature Study of Ceil Spreading on Glutaraldehyde-Treated
Collagen

Substrate

Av. % increase in mean

Av. % increase in geo.

cell area

mean cell area

Collagen:37°C:20 h

68

56

GTA-treated

97

79

176

144

205

165

135

111

113

94

177

161

131

122

133

94

130

113

collagen:35®C:6 h
GTA-treated
collagen:35®C:12 h
GTA-treated
collagen:35°C:20 h
GTA-treated
collagen:35°C:24 h
GTA-treated
collagen:37°C:6 h
GTA-treated
collagen: 37°C: 12 h
GTA-treated
collagen:37°C:20 h
GTA-treated
collagen:37°C:24 h
GTA-treated
collagen:38.5°C:6 h
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GTA-treated

148

134

151

131

112

78

109

88

111

95

76

64

87

77

collagen:38.5°C:12 h
GTA-treated
collagen:38.5°C:20 h
GTA-treated
collagen:38.5°C:24 h
GTA-treated
collagen;40°C:6 h
GTA-treated
collagen:40°C:12 h
GTA-treated
collagen:40°C:20 h
GTA-treated
collagen:40°C:24 h

Human fibroblast cells (KY) were allowed to spread for 100 minutes in serum-ffee conditions.
Average % increase in cell spreading is calculated relative to spreading on glass.
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Appendix 32: Cell Strain CH: Spreading in the Pesence of 10 % FCS

Conditions

Collagen

Unwashed:
- ROD

Geo. mean

Av. geo.

S.D.

S.E.

(pm")

mean

2171

2271

87

50

2177

191

110

2436

190

110

1572

103

59

1385

97

56

1390

65

38

2326
2316

Unwashed:
+ ROD

2265
1958
2307

Washed:
+ RGD

2649
2377
2282

GTA-treated
collagen

Unwashed:
- RGD

1685
1549
1483

Unwashed:
+ RGD

1302
1360
1492

Washed:
+ RGD

1367
1340

243
1464
Hexadienaltreated

Unwashed:
- RGD

2482

2527

60

35

2017

172

99

2264

235

136

3933

55

32

2816

154

89

3273

176

102

2595

collagen
2503
Unwashed:
+ RGD

1864
1983
2203

Washed:
+ RGD

1999
2342
2450

MDA-treated
collagen

Unwashed:
- RGD

3928
3991
3881

Unwashed:
+ RGD

2914
2896
2638

Washed:
+ RGD

3123
3467
3230
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Appendix 33: Cell Strain JV: Spreading in the Presence of 10 % + FCS

Conditions

Collagen

Unwashed:
- RGD

Geo. mean

A v. geo.

(pm^)

mean

4510

S.D.

S.E.

4672

232

134

4051

148

85

4402

109

63

4552

144

83

2194

182

105

3749

59

34

4938
4567

Unwashed:
+ RGD

4126
3881
4147

Washed:
+ RGD

4400
4512
4294

GTA-treated
collagen

Unwashed:
- RGD

4566
4689
4402

Unwashed:
+ RGD

1984
2300
2298

Washed:
+ RGD

3717

3712

245
3817
Hexadienaltreated

Unwashed:
- RGD

5013

4874

125

72

3744

280

162

4381

81

47

6205

164

95

3927

446

257

5724

156

90

4769

collagen
4841
Unwashed:
+ RGD

3471
3729
4031

Washed:
+ RGD

4403
4448
4291

MDA-treated
collagen

Unwashed:
- RGD

6377
6050
6188

Unwashed:
+ RGD

3415
4136
4229

Washed:
+ RGD

5810
5544
5817
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Appendix 34: Cell Strain CH: Spreading in the Absence of FCS

Conditions

Collagen

Unwashed:
- RGD

S.D.

S.E.

648

23

13

570

10

592

12

1086

51

29

918

55

32

969

95

55

Geo. mean

Av. geo.

(pm^)

mean

643
628
673

Unwashed;
+ RGD

581
566
563

Washed:
+ RGD

591
581
605

GTA-treated
collagen

Unwashed:
- RGD

1117
1027
1113

Unwashed:
+ RGD

980
873
902

Washed:
+ RGD

1077
934

247
896
Hexadienaltreated

Unwashed:
- RGD

937

983

40

23

928

58

33

949

32

18

695

21

12

672

45

26

623

41

24

1008

collagen
1004
Unwashed:
+ RGD

861
969
953

Washed:
+ RGD

914
976
956

MDA-treated
collagen

Unwashed:
- RGD

670
706
708

Unwashed:
+ RGD

703
693
620

Washed:
+ RGD

599
671
600
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Appendix 35: Cell Strain JV: Spreading in the Absence of FCS

Conditions

Collagen

Unwashed:
- RGD

Geo. mean

Av. geo.

S.D.

S.E.

(pm")

mean

826

906

71

41

681

28

16

1269

34

20

1722

98

57

1295

61

55

1455

148

85

958
935

Unwashed:
+ RGD

663
714
667

Washed:
+ RGD

1299
1232
1275

GTA-treated
collagen

Unwashed:
- RGD

1831
1641
1693

Unwashed:
+ RGD

1225
1328
1333

Washed:
+ RGD

1594
1300

249
1472
Hexadienaltreated

Unwashed:
- RGD

1657

1450

181

105

1253

164

95

1206

58

33

1047

52

30

936

16

9

950

91

53

1318

collagen
1376
Unwashed:
+ RGD

1085
1412
1262

Washed:
+ RGD

1165
1180
1272

MDA-treated
collagen

Unwashed:
- RGD

1086
1068
988

Unwashed:
+ RGD

926
927
955

Washed:
+ RGD

850
1028
971
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Appendix 36: Thymidine Incorporation for Cell Strain RI

Initial time of

D.P.M. On Various Substrates (± S.E.M)

incorporation
period (h)

Plastic

Collagen

MDAtreated

HDA-treated
collagen

collagen

n=9

GTAtreated
collagen

16

3054 ± 335

1960 ± 384

2375 ± 307

1823 ± 473

2341 ± 293

20

4870 ± 125

3836 ± 154

4117 ±477

3640 ± 105

4079 ±383

40

5074 ± 255

5526 ± 292

4740 ± 403

4652 ± 196

4662 ±310

86

4419 ± 156

4995 ± 195

5394 ± 535

3686 ± 261

5720 ± 425
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Appendix 37: Thymidine Incorporation for Cell Strain DA

D.P.M. On Various Substrates (± S.E.M)

Initial time o f
incorporation
Plastic

Collagen

MDA-treated

HDA-treated

GTA-treated

collagen

collagen

collagen

708 ± 51

516 ± 43

755 ± 102

1005 ± 51

1363 ± 84

period (h)

16

1056 ± 167

761 ± 82

20

1833 ± 206

1271 ± 74

40

2304 ± 165

3409 ± 3 1 2

2280 ± 532

2602 ± 177

2227 ± 270

86

3318 ± 334

3928 ± 193

3647 ± 288

3290 ± 391

3637 ± 215

n = 9
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