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(57) Abstract: The present invention provides a medical implant material comprising a mammalian transglutaminase and a polymer,
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MEDICAL IMPLANT MATERIALS

The present invention relates to materials for use in medicine, in
particular medical implant materials. The invention further provides a

method of improving the biocompatibility of a medical implant material.

Background

The use of artificial biomaterials is becoming increasingly widespread in
several areas of medical treatment. For example, biomaterials are now
used in the repair of damaged tissue (e.g. bone and skin), in prosthetic
devices such as artificial hip and knee joints, heart valves, and blood
vessels, and in drug delivery devices. However, one of the challenges
that remains in this field of medicine is the provision of biomaterials with
improved biocompatibility properties, which can be readily colonized by

host cells.

The study of implant surface and biomaterial tissue interface reactions is
essential for the continued improvement of implant performance. A
review by Blitterwijk er al., (1991) discusses the importance of the
reactions of cells at implant surfaces in determining the biocompatibility
of the implant (i.e. how well the implant is accepted by the surrounding
tissues and by the body as a whole). Current research is aimed at making
‘bioactive materials’ that will readily permit integration of the material

into the host tissue.
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There is considerable interest in poly(e-caprolactone) (PCL) as a potential
bioactive material. It has been widely used for the last thirty years for the
production of resorbable sutures, biomedical implants, drug delivery
systems and vaccine formulation. Currently, PCL is being exploited for
bone graft substitution (Coombes and Meikle, 1994), because it could
overcome the problems of limited supply of bone, risk of infection such as
HIV, additional surgical operations and long bony union times associated

with either autografts or allografts.

PCL is a semi-crystalline linear resorbable synthetic aliphatic polyester, -
(-O-(CH,)s-CO-)-. When implanted in vivo, the polymer is readily
degraded non-specifically by hydrolytic enzymes, esterases and
carboxypeptidases. Pitt et al. (1981), showed that degradation of PCL in
vivo and in vitro proceeds via hydrolytic chain scission of ester linkages
until the segments are sufficiently small to diffuse through the polymer
bulk. Once the polymer reaches the molecular weight of 5000 Daltons,
significant weight loss is observed, which is dependent on particle size.
Chain scission has also been shown to be associated with an increase in
crystallinity, which partially determines the rate of degradation (see
review by Smith ez al., 1990).

The products generated from the degradation of PCL are either
incorporated into the tricarboxylic acid (TCA) cycle and removed by the
lungs in the form of carbon dioxide and water, or eliminated by direct
renal secretion. Taylor et al. (1994) tested PCL in vitro for the acute
toxicity of degradation products. They found that the pH of PCL in
sterile distilled water and Tris buffer remained relatively constant over

sixteen weeks, and that the samples degraded slightly more in Tris

PCT/GB01/01910
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compared to in water. It has also been found that hydroxy radicals
produced by inflammatory cells play a major role in the degradation of
PCL in vitro (Ali et al., 1992, 1993) and in vivo (Ali et al., 1994). The
bioresorbability and biocompatibility of PCL is reviewed by Vert et al.,
(1992).

Another favourable factor of PCL is that it can be blended with numerous
other polymers, e.g. Poly(L-Lactide) (PLA), to produce co-polymers with
optimised properties. PLA is one of the strongest polyesters and has a
resorption time of greater than one year, probably in the range of 2-3
years. This would be advantageous, for example, in a 3-D tissue
construct/scaffold, where the implant resorption rate needs to be adjusted

according to the tissue repair rate.

Feng et al., (1983) synthesised a biodegradable block copolymer of
poly(e-caprolactone) with poly(DL-lactide). The copolymers possessed
release properties similar to silicone rubber (one of the first non-
degradable drug delivery systems) but their degradation rates were always
faster than that of PCL or PLA homopolymers. They intended to
combine the excellent permeability of PCL with the faster biodegradation
rate of PLA. Pitt er al., (1979) did investigate PCL, PLA and their
copolymers and demonstrated how variabilities in the permeability of the
drug delivery system could be achieved using copolymers of PCL and
PLA, because PCL is more permeable than PLA.

Jianzhong et al, 1995 used PCL and poly(ethylene glycol) (PEG) block
copolymers as a drug release device. It was found that the increasing

PEG content of the copolymer caused an increase in the hydrophilicity and
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a decrease in the crystallinity of the copolymer. Thus, the drug release
behaviour and the degradability of the copolymer can be controlled by

adjusting the composition of the copolymer.

Cha and Pitt (1990) tested the degradability of PCL when fabricated by
compression moulding, co-precipitation and solvent evaporation and found
that the method of fabrication and the resulting morphology of the
polymers plays a critical role in determining their relative rates of
hydrolytic degradation. Compression moulding of PCL/polyglycolic acid-
co-L-lactic acid blends, iﬁcreased the rate of chain scission as compared to

the other fabrication methods.

A problem with PCL is that it is a plastic at body temperature. Its
mechanical properties make it ideal for drug delivery systems, but not for
the internal fixation of bone. Lowry et al., (1997) made reinforced PCL
with phosphate glass fibres in the form of intra-medullary pins for the
internal fixation of bone. This study was performed in the rabbit model
and histological evidence showed that the composite was well tolerated,
with minimal inflammation around the pin. The review by Daniels et al.
(1990) illustrates that the mechanical properties of polymers and
composites can be improved by reinforcing the materials with alumina,

alumina-boria-silica, calcium metaphosphate glass fibers and carbon.

As well as blending PCL with other synthetic polymers to control the
degradation rate, improve the mechanical properties of the system and
alter its permeability, PCL can also be blended with natural polymers,
e.g. collagen, fibronectin, hyaluronic acid and glycosaminoglycans.

These natural polymers are all part of the extracellular matrix (ECM) that
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cells produce and secrete. It is thought that by incorporating natural
polymers with synthetic polymers, osteoconductance and biocompatibility
properties could be combined with the physical and mechanical properties
of the synthetic component, making bioartificial polymers a good

bioactive biomaterial substitute.

Giusti et al., (1994) discuss the importance of blending collagen with
polymeric materials for use as medical devices and show how blending
also increases the mechanical and thermal properties as compared to the
individual components. Cascone et al., (1994) demonstrated the use of
collagen and hyaluronic acid based polymeric bioartificial polymers as a

successful drug delivery system for the release of growth hormone.

Several reports have shown the importance of the ECM in cellular
function (Ruoslahti et al., 1985 and Ellis and Yannis, 1996). Cells
initially attach to the biomaterial by physicochemical factors, e.g. charge,
surface free energy or the water content of the biomaterial (Schamberger
and Gardella, 1994), and then strongly adhere to ECM proteins, which
have been deposited on the biomaterial surface. How the ECM is
deposited, stabilised and configured on a particular biomaterial surface is
still not known, however tissue transglutaminase (tT'G) has been
implicated in the stabilisation process. It is important to understand this

process in order to control cellular responses to surfaces.

Transglutaminases (Enzyme Commission System of Classification
2.3.2.13) are a group of multifunctional enzymes that cross-link and
stabilise proteins in tissues and body fluids (Aeschlimann and Paulsson,

1994 and Greenberg et al., 1991). In mammals, they are calcium
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dependent and catalyse the post-translational modification of proteins by
forming inter and intra-molecular &(y-glutamyl) lysine cross-links. The
bonds that form are stable, covalent and resistant to proteolysis, thereby
increasing the resistance of tissues to chemical, enzymatic and physical
disruption. In contrast to transglutaminases of mammalian origin,

microbial transglutaminases are generally not Ca**-dependent.

The number of proteins acting as glutaminyl substrates for
transglutaminases is highly restricted since both the primary structure and
conformation are critical. In contrast, the only requirement of the acyl-
acceptor substrate is the presence of a suitable primary amine, e.g. the &-
amino group of peptide bound lysine residues and small primary amines.
Different types of transglutaminase enzyme differ in their specificity for a
given glutaminyl substrate. For example, the plasma transglutaminase
blood coagulation factor XIIla acts on a limited range of glutaminyl
substrates compared to tissue (or type II) transglutaminase (tTG). Unlike
Factor XIIIa, tTG also binds GTP and GDP, which is thought to be
important in its regulation by Ca®>* (see Smethurst and Griffin, 1996). A
further key difference between the types of transglutaminase is in their

distribution.

Although tTG has been mainly described as a cytosolic enzyme and does
not contain a typical hydrophobic leader sequence for secretion, it may be
found both in the cytosol and membrane associated depending on the cell
type. The biological function of tT'G has yet to be determined. However,
there is now increasing evidence to suggest that tTG can act at the cell
surface, facilitating cell adhesion (Borge ef al., 1996) and cell spreading

(Jones et al., 1997) and the modification of the extracellular matrix

PCT/GB01/01910
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(ECM) (Aeschlimann et al., 1995, Barsigian et al., 1991, Bowness et al.,
1988 and Bendixen et al., 1993).

The ability of transglutaminase enzymes to cross-link proteins has been
exploited in the development of biological glues for promoting adhesion
between tissue surfaces. For example, biological adhesive compositions
comprising a tissue transglutaminase are disclosed in WO 94/28949.
These compositions also comprise a divalent metal ion co-factor, which
plays a regulatory role in the functional activity of transglutaminase
enzymes (see Casadio et al., 1999, Eur. J. Biochem. 262, 672-679).

Summary of the Invention

A first aspect of the invention provides a medical implant material
comprising a mammalian transglutaminase and a polymer, wherein the
transglutaminase is provided in the absence of free divalent metal ions and
wherein the polymer is associated with a binding protein for binding the

transglutaminase.

By ‘medical implant material’ we include a material for implantation into
the human or animal body, such as a material for use as an artificial tissue
(e.g. bome, teeth and skin), prosthetic devices (e.g. joints, heart valves,

blood vessels) and drug delivery devices.

By ‘mammalian transglutaminase’ we mean a member of the group of
enzymes identified by Enzyme Commission System of Classification No.
2.3.2.13 (EC 2.3.2.13), wherein the enzyme is derived, directly or

indirectly, from a mammalian source. Thus, we include
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transglutaminases prepared (i.e. extracted) from mammalian tissue
samples, as well as mammalian transglutaminases expressed by
recombinant means. We also include variants of naturally-occurring

mammalian transglutaminases.

By ‘free divalent metal ions’ we mean unchelated divalent metal ions,
such as Ca?" ijons, which are available to interact with the

transglutaminase and regulate the functional activity of the enzyme.

By ‘provided in the absence of’ free divalent metal ions we include
transglutaminases which are provided in the presence of divalent metal
ions that are bound to a chelating agent, and hence are not available to

interact with the enzyme.

In a preferred embodiment of the first aspect of the invention the

transglutaminase is a tissue transglutaminase.

In an alternative embodiment the transglutaminase is a plasma

transglutaminase.

Preferably, the transglutaminase is prepared from mammalian tissue or

cells.

More preferably, the transglutaminase is prepared from human tissue or
cells. For example, the transglutaminase may be extracted from human
tissue sources such as lung, liver, spleen, kidney, heart muscle, skeletal
muscle, eye lens, endothelial cells, erythrocytes, smooth muscle cells,

bone and macrophages. Advantageously, the transglutaminase is a tissue
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transglutaminase derived from human red cells (erythrocytes), or a plasma

transglutaminase derived from either human placenta or human plasma.

Alternatively, the transglutaminase may be obtained from a culture of
human cells that express a mammalian transglutaminase, using cell culture
methodology well known in the art. Preferred cell line sources of such
transglutaminases include human endothelial cell line ECV304 (for tissue

transglutaminase) and human osteosarcoma cell line MG63.

It will be appreciated by those skilled in the art that the source of the
transglutaminase may be selected according to the particular use (e.g. site
of implantation) of the medical implant material. For example, if the
medical implant material is to be used as artificial bone, it may be

beneficial for the material to comprise a bone-derived transglutaminase.

In an alternative embodiment of the first aspect of the invention, the
transglutaminase is a recombinant transglutaminase. For example,
recombinant factor XIII production is described in European Patent

Application No. EP 268 772 A.

Nucleic acid molecules encoding a transglutaminase are known in the art.

For example, the coding sequence for human coagulation factor XIII Al
polypeptide is disclosed in Grundmann et al., 1986, Proc. Natl. Acad.
Sci. USA 83(21), 8024-8028 (accession no. NM 000129). The coding
sequence for human tissue transglutaminase is disclosed in Gentile et al.,

1991, J. Biol. Chem. 266(1) 478-483 (accession no. M 55153).
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Nucleic acid molecules encoding a transglutaminase may be used in
accordance with known techniques, appropriately modified in view of the
teachings contained herein, to construct an expression vector, which is then
used to transform an appropriate host cell for the expression and production
of the polypeptide of the invention. Methods of expressing proteins in
recombinant cells lines are widely known in the art (see Sambrook et al.
(1989) Molecular Cloning, A Laboratory Manual, Second Edition, Cold
Spring Harbor, New York). Exemplary techniques also include those
disclosed in US Patent Nos. 4,440,859 issued 3 April 1984 to Rutter et al,
4,530,901 issued 23 July 1985 to Weissman, 4,582,800 issued 15 April
1986 to Crowl, 4,677,063 issued 30 June 1987 to Mark et al, 4,678,751
issued 7 July 1987 to Goeddel, 4,704,362 issued 3 November 1987 to
Itakura et al, 4,710,463 issued 1 December 1987 to Murray, 4,757,006
issued 12 July 1988 to Toole, Jr. et al, 4,766,075 issued 23 August 1988 to
Goeddel ef al and 4,810,648 issued 7 March 1989 to Stalker, all of which

are incorporated herein by reference.

The nucleic acid molecule, e.g. cDNA, encoding the transglutaminase may
be joined to a wide variety of other DNA sequences for introduction into an
appropriate host. The companion DNA will depend upon the nature of the
bost, the manner of the introduction of the DNA into the host, and whether

episomal maintenance or integration is desired.

Generally, the DNA is inserted into an expression vector, such as a plasmid,
in proper orientation and correct reading frame for expression. If necessary,
the DNA may be linked to the appropriate transcriptional and translational
regulatory control nucleotide sequences recognised by the desired host,

although such controls are generally available in the expression vector.
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Thus, the DNA insert may be operatively linked to an appropriate promoter.
Bacterial promoters include the E. coli lacl and lacZ promoters, the T3 and
T7 promoters, the gpt promoter, the phage A PR and PL promoters, the
phoA promoter and the #rp promoter. Eukaryotic promoters include the
CMV immediate early promoter, the HSV thymidine kinase promoter, the
early and late SV40 promoters and the promoters of retroviral LTRs. Other
suitable promoters will be known to the skilled artisan. Alternatively, the
Baculovirus expression system in insect cells may be used (see Richardson
et al., 1995), Methods in Molecular Biology Vol 39, J Walker ed., Humana
Press, Totowa, NJ). The expression constructs will desirably also contain
sites for transcription initiation and termination, and in the transcribed
region, a ribosome binding site for translation. (Hastings ez al, International
Patent No. WO 98/16643, published 23 April 1998)

The vector is then introduced into the host through standard techniques.
Generally, not all of the hosts will be transformed by the vector and it will
therefore be necessary to select for transformed host cells. One selection
technique involves incorporating into the expression vector a DNA sequence
marker, with any necessary control elements, that codes for a selectable trait
in the transformed cell. These markers include dihydrofolate reductase,
G418 or neomycin resistance for eukaryotic cell culture, and tetracyclin,
kanamycin or ampicillin resistance genes for culturing in E.coli and other
bacteria. Alternatively, the gene for such selectable trait can be on another

vector, which is used to co-transform the desired host cell.

Host cells that have been transformed by the recombinant DNA of the
invention are then cultured for a sufficient time and under appropriate

conditions known to those skilled in the art in view of the teachings
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disclosed herein to permit the expression of the transglutaminase, which can

then be recovered.

The recombinant transglutaminase can be recovered and purified from
recombinant cell cultures by well-known methods including ammonium
sulphate or ethanol precipitation, acid extraction, anion or cation exchange
chromatography,  phosphocellulose ~ chromatography,  hydrophobic
interaction chromatography, affinity chromatography, hydroxylapatite
chromatography and lectin chromatography. Most preferably, high
performance liquid chromatography (“HPLC”) is employed for purification.

Many expression systems are known, including systems employing: bacteria
(e.g. E. coli and Bacillus subtilis) transformed with, for example,
recombinant bacteriophage, plasmid or cosmid DNA expression vectors;
yeasts (e.g. Saccaromyces cerevisiae) transformed with, for example, yeast
expression vectors; insect cell systems transformed with, for example, viral
expression vectors (e.g. baculovirus); plant cell systems transfected with,
for example viral or bacterial expression vectors; animal cell systems

transfected with, for example, adenovirus expression vectors.

The vectors include a prokaryotic replicon, such as the Col El ori, for
propagation in a prokaryote, even if the vector is to be used for expression
in other, mon-prokaryotic cell types. The vectors can also include an
appropriate promoter such as a prokaryotic promoter capable of directing
the expression (transcription and translation) of the genes in a bacterial host

cell, such as E. coli, transformed therewith.
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A promoter is an expression control element formed by a DNA sequence
that permits binding of RNA polymerase and transcription to occur.
Promoter sequences compatible with exemplary bacterial hosts are typically
provided in plasmid vectors containing convenient restriction sites for

insertion of a DNA segment of the present invention.

Typical prokaryotic vector plasmids are: pUC18,‘ pUC19, pBR322 and
pBR329 available from Biorad Laboratories (Richmond, CA, USA);
pTrc99A, pKK223-3, pKK233-3, pDR540 and pRITS available from
Pharmacia (Piscataway, NJ, USA); pBS vectors, Phagescript vectors,
Bluescript vectors, pNH8A, pNH16A, pNH18A, pNH46A available from .
Stratagene Cloning Systems (La Jolla, CA 92037, USA).

A typical mammalian cell vector plasmid is pSVL available from Pharmacia
(Piscataway, NJ, USA). This vector uses the SV40 late promoter to drive
expression of cloned genes, the highest level of expression being found in T
antigen-producing cells, such as COS-1 cells. Examples of an inducible
mammalian expression vectors include pMSG, also available from
Pbarmacia (Piscataway, NJ, USA), and the tetracycline (tet) regulatable
system, available form Clontech. The pMSG vector uses the
glucocorticoid-inducible promoter of the mouse mammary tumour virus
long terminal repeat to drive expression of the cloned gene. The tet
regulatable system uses the presence or absence of tetracycline to induce

protein expression via the tet-controlled transcriptional activator.

Useful yeast plasmid vectors are pRS403-406 and pRS413-416 and are
generally available from Stratagene Cloning Systems (La Jolla, CA 92037,
USA). Plasmids pRS403, pRS404, pRS405 and pRS406 are Yeast
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Integrating plasmids (YIps) and incorporate the yeast selectable markers
HIS3, TRPI, LEU2 and URA3. Plasmids pRS413-416 are Yeast
Centromere plasmids (YCps).

Methods well known to those skilled in the art can be used to construct
expression vectors containing the coding sequence and, for example
appropriate transcriptional or translational controls. One such method
involves ligation via homopolymer tails. Homopolymer polydA (or polydC)
tails are added to exposed 3’ OH groups on the DNA fragment to be cloned
by terminal deoxynucleotidyl transferases. The fragment is then capable of
annealing to the polydT (or polydG) tails added to the ends of a linearised
plasmid vector. Gaps left following annealing can be filled by DNA
polymerase and the free ends joined by DNA ligase.

Another method involves ligation via cohesive ends. Compatible cohesive
ends can be generated on the DNA fragment and vector by the action of
suitable restriction enzymes. These ends will rapidly anneal through
complementary base pairing and remaining nicks can be closed by the action
of DNA ligase.

A further method uses synthetic molecules called linkers and adaptors. DNA
fragments with blunt ends are generated by bacteriophage T4 DNA
polymerase or E. coli DNA polymerase I which remove protruding 3’
termini and fill in recessed 3’ ends. Synthetic linkers, pieces of blunt-ended
double-stranded DNA which contain recognition sequences for defined
restriction enzymes, can be ligated to blunt-ended DNA fragments by T4
DNA ligase. They are subsequently digested with appropriate restriction

enzymes to create cohesive ends and ligated to an expression vector with
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compatible termini. Adaptors are also chemically synthesised DNA
fragments which contain one blunt end used for ligation but which also

possess one pre-formed cohesive end.

Synthetic linkers containing a variety of restriction endonuclease sites are
commercially available from a number of sources including International

Biotechnologies Inc, New Haven, CN, USA.

A desirable way to modify the nucleic acid molecule encoding the
transglutaminase is to use the polymerase chain reaction as disclosed by
Saiki et al (1988) Science 239, 487-491. In this method the nucleic acid
molecule, e.g. DNA, to be enzymatically amplified is flanked by two
specific oligonucleotide primers which themselves become incorporated into
the amplified DNA. The said specific primers may contain restriction
endonuclease recognition sites which can be used for cloning into expression

vectors using methods known in the art.

Conveniently, the mammalian transglutaminase is a variant

transglutaminase.

By “a variant” we include a polypeptide comprising the amino acid
sequence of a naturally occurring mammalian transgiutaminase wherein
there have been amino acid insertions, deletions or substitutions, either
conservative or non-conservative, such that the changes do not
substantially reduce the activity of the variant compared to the activity of
the activated naturally occurring mammalian transglutaminase. For
example, the variant may have increased activity compared to the activity

of the naturally occurring transglutaminase.
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Alternatively, the variant may have increased ability to facilitate the
colonisation of medical implants by cells, wherein said increased ability is
independent of the enzyme activity of the variant but is related to some
other property of the variant. For example, have increased ability of the
variant transglutaminse to facilitate the colonisation of medical implants
by cells may be associated with an increased ability to bind endogenous

(i.e. host) proteins such as receptors.

The enzyme activity of variant mammalian transglutaminases may be
measured by the biotin-cadaverine assay, as described in the Examples
and as published in (Jones et al., 1997, J. Cell. Sci. 110, 2461-2472).
For example, reduced expression of tissue transglutaminase in a human
endothelial cell line leads to changes in cell spreading, cell adhesion and
reduced polymerisation of fibronectin. Alternatively, transglutaminase
activity may be measured by the incorporation of [*C]-putrescine
incorporation into N,N'-dimethylcasein, as outlined by Lorand et al.,
1972, Analytical Biochemistry 50, 623. The increased ability of the
variant enzyme to facilitate the adhesion and spreading of cells on medical

implants may be measured by the methods disclosed herein.

Variant transglutaminases may be made using methods of protein
engineering and site-directed mutagenesis commonly known in the art (for
example, see Sambrook et al. (1989) Molecular Cloning, A Laboratory
Manual, Second Edition, Cold Spring Harbor, New York).

Preferably, the variant mammalian transglutaminase is an inactive tissue

transglutaminase wherein its active site cysteine (e.g. Cys 277 of human
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tissue transglutaminase; see Gentile et al. 1992 supra and accession no.

M 55153) is mutated to a serine residue.

Advantageously, the variant mammalian transglutaminase is a fragment of
a naturally occurring tissue transglutaminase or Factor XIIIa which retains
the ability of said naturally occurring transglutaminase to promote
biocompatibility. The ability of transglutaminase fragments to promote
biocompatibility may be determined by measuring the adhesion properties
of such variant proteins, e.g. by coating artificial polymers with the
variant enzyme(s), with or without precoating with fibronectin, and then
investigating the ability of cells to attach to and spread on these coated

polymers.

It will be appreciated by those skilled in the art that the medical implant
materials of the invention may comprise naturally occurring polymers,

synthetic polymers, co-polymers of such polymers, and blends thereof.

Preferably, the polymer is a naturally occurring polymer. More
preferably, the polymer is a naturally occurring extracellular matrix
molecule such as  collagen, fibronectin, - fibrin,  fibrillin,

glycosoaminoglycans, and hyaluronic acid.

Advantageously, the polymer is a synthetic polymer. More preferably,
the polymer is a synthetic polymer selected from the group consisting of
poly(e-caprolactone) (PCL), poly(L-lactide) (PLA), poly(glycolide)
(PGA), poly(DL-lactide co-glycolide) (PLG) and co-polymers and blends
thereof. Other  synthetic polymers include methacrylates

poly(ethylmethacrylate), ethylacrylate, tetrahydrofurfurylmethacrylate,
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hydroxyethylmethacrylate, silastic, poly(tetrafluoroethylene), medpore
(porous polyethylene), poly(orthoester), and poly(dioxane).

Most preferably, the medical implant material comprises poly-(e-

caprolactone).

It will be appreciated that the polymers may be biodegradable or non-
biodegradable.  Preferably, the polymer is biodegradable. = More
preferably, the polymer is a biodegradable polymer which has a
biodegradation rate that is the same as or slower than the rate of
regeneration of the tissue for which the medical implant acts as a
temporary replacement. Thus, the biodegradable polymer should be
resorbed only after it has served its purpose as a scaffold for regeneration
of new tissue. It will be further appreciated that the polymer and its
degradation product(s) should be substantially non-toxic and non-

inflammatory.

In the medical implant material according to the first aspect of the
invention, the polymer is provided is associated with a binding protein

which binds a transglutaminase.

By a ‘binding protein’ we include a protein or polypeptide which is able to
bind to a mammalian transglutaminase, i.e. a transglutaminase binding
protein. Preferably, the transglutaminase binding protein binds to the
mammalian transglutaminase with a binding affinity greater than 103
L/mol. More preferably, the affinity constant is greater than 10* L/mol,
for example greater than 10° L/mol, 10° L/mol, 10’ L/mol, 10® L/mol,
10° L/mol, 10" L/mol, or 10! L/mol,
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Advantageously, the transglutaminase binding protein is or comprises a

transglutaminase substrate.

By ‘a transglutaminase substrate’ we include a protein or polypeptide

which comprises a transglutaminase substrate site.

Preferably, the transglutaminase binding protein is selected from a group
of transglutaminase substrates of consisting fibronectin, fibrin, fibrinogen,
collagen, entactin, osteonectin, osteopontin, thrombospondin, vitronectin,
B-lactoglobulin and casein, or fragments thereof that are capable of

binding to a transglutaminase.

More preferably, the transglutaminase binding protein is fibronectin or a

fragment thereof that is capable of binding to a transglutaminase.

Most preferably, the transglutaminase binding protein is a human
fibronectin fragment comprising the N-terminal fragment of fibronectin
(i.e. amino acids 32-608) or fragments within this domain, for example
the probable tTgase binding site (amino acids 229-273), the collagen
binding site (amino acids 308-608) or the fibrin-Heparin binding sitel
(amino acids 52-272) or combinations of these different fragments. From
GenBank X02761 (Reference Kornblititt et al EMBO. J. (1985) 4, 1755-

1759) for human fibronectin.

It will be appreciated by those skilled in the art that particular
combinations of tramsglutaminase and transglutaminase binding protein

may be preferred. For example, it may be preferable to use a tissue
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transglutaminase in combination with fibronectin (or a fragment thereof).
Likewise, it may be preferable to use a plasma transglutaminase
(e.g. Factor XIII) in combination with fibrin (or a fragment thereof) and
fibronectin (or a fragment thereof). Addiﬁonally, the medical implant
materials of the first aspect of the invention may comprise mixtures of

different transglutaminases and transglutaminase binding proteins.

In the medical implant materials of the present invention, the polymer
may be associated with the transglutaminase binding protein using
methods known in the art. By ‘associated with® we include a polymer
which is coated, impregnated, covalently bound to or otherwise admixed

with a transglutaminase binding protein.

Preferably, the polymer is coated with the binding protein. By ‘coated’
we mean that the transglutaminase binding protein is applied to the surface
of the polymer. Thus, the polymer may be painted or sprayed with a
solution comprising a transglutaminase binding protein. Alternatively, the
polymer may be dipped in a reservoir of transglutaminase binding protein
solution.  Preferably, the polymer is pre-shaped to form the medical

implant prior to being coated with a transglutaminase binding protein.

Advantageously, the polymer is impregnated with the binding protein. By
‘impregnated” we mean that the transglutaminase binding protein is
incorporated or otherwise mixed with polymer such that it is distributed

throughout the medical implant material.

For example, the polymer may be incubated overnight at 4°C in a solution

comprising a transglutaminase binding protein.  Alternatively, a
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transglutaminase binding protein may be immobilised on the polymer .

surface by evaporation or by incubation at room temperature.

In an alternative embodiment, the transglutaminase binding protein is
covalently linked to the polymer, e.g. at the external surface of the

polymer.

Thus, a covalent bond is formed between an appropriate functional group
on transglutaminase binding protein and a functional group on the polymer
support. Methods for covalent bonding of proteins to polymer supports
fall into a number of sub-groups including covalent linking via a
diazonium intermediate, by formation of peptide links, by alkylation of
phenolic, amine and sulphydryl groups on the binding protein, by using a
poly functional intermediate e.g. glutardialdehyde, and other
miscellaneous methods e.g. using silylated glass or quartz where the
reaction of trialkoxysilanes permits derivatisation of the glass surface with
many different functional groups. For details, see Enzyme immobilisation
by Griffin, M., Hammonds, E.J. and Leach, C.K. (1993) In
Technological Applications of Biocatalysts (BIOTOL SERIES), pp. 75-
118, Butterworth-Heinemann. See also the review article entitled
‘Biomaterials in Tissue Engineering’ by Hubbell, J.A. (1995) Science
13:565-576. |

Once associated with the polymer, the transglutaminase binding protein
may provide a means of linking the mammalian transglutaminase to the

polymer.
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The polymer associated with the binding protein may be treated with the
mammalian transglutaminase using the same methods described above.
Thus, the polymer (or medical implant material comprising said polymer)
may be coated, impregnated, covalently bound to or otherwise admixed

with a mammalian transglutaminase.

Preferably, the polymer is coated with a mammalian transglutaminase.
For example, the polymer may be painted or sprayed with a solution
comprising a transglutaminase. Alternatively, the polymer may be dipped
in a reservoir of transglutaminase solution. More preferably, the polymer
is coated with a transglutaminase immediately prior to implantation of the
medical implant material into the human or animal host. For example, the
polymer may be coated with the transglutaminase on the same day that the
medical implant is to be used, for example about one hour before

implantation.

Advantageously, the polymer is impregnated with a mammalian

transglutaminase.

Conveniently, the polymer is covalently bound to a mammalian

transglutaminase, either directly or indirectly via the binding protein.

It will be appreciated that the transglutaminase binding protein may be
coated, impregnated, covalently bound to or otherwise admixed with the
polymer at the same time as or prior to treating the polymer with a
mammalian tranglutaminase. Preferably, the polymer is associated with
the binding protein prior to being treated with a mammalian

tranglutaminase.

PCT/GB01/01910
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In a preferred embodiment of the invention, there is provided a medical
implant material comprising a polymer which is first coated with a
transglutaminase binding protein and then coated with a mammalian

transglutaminase.

In the medical implant materials according to the first aspect of the
invention, the transglutaminase is provided in the absence of free divalent

metal ions.

The presence of free divalent metal ions, e.g. Ca®>* ions, plays a key role
in the regulation of mammalian transglutaminase activity. Thus, absence
of free divalent metal ions from the vicinity of the transglutaminase

renders the enzyme substantially inactive in vitro.

By ‘in the absence of” we include environments wherein the concentration
of free divalent metal ions, such as Ca?* ions, is less than 10 pM.

Preferably the concentration is less than 1 uM.

Preferably, the transglutaminase is provided in the absence of free Ca**

ions.

In a preferred embodiment of the first aspect of the invention, free
divalent metal ions are reduced or eliminated from the vicinity of the
transglutaminase by the inclusion in the medical implant material of a

chelating agent.

PCT/GB01/01910
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For example, the medical implant materials may comprise a polymer that
has been dipped in a solution comprising a transglutaminase and a
chelating agent, such that the polymer is coated in the transglutaminase

and chelating agent.
Preferably, the chelating agent is EDTA or EGTA.

More preferably, the medical implant material is provided with EDTA or
EGTA at a concentration of between 5 mM and 0.1 M.

In yet another preferred embodiment of the first aspect of the invention,

the medical implant material further comprises a reinforcing agent.

The reinforcing agent may be any substantially non-toxic material that can
be blended or mixed with the polymer/transglutaminase components of the

medical implant material to increase its strength.

Preferably, the reinforcing agent is selected from a group consisting of
alumina, alumina-boria-silica, calcium metaphosphate glass fibres,

titanium and carbon.

It will be appreciated by those skilled in the art that the medical implant
materials of the invention may further comprise one or more additional
polymer(s).  Thus, there is provided a medical implant material
comprising a co-polymer or blended polymers and a mammalian

transglutaminase.

Conveniently, the one or more additional polymer is a synthetic polymer.
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Advantageously, the one or more additional polymer is a natural polymer.

Preferably, the one or more additional polymer is a natural polymer
selected from the group consisting of collagen, fibronectin, fibrin,

fibrillin, hyaluronic acid and glycosaminoglycans.

A second aspect of the invention provides the use of a mammalian
transglutaminase in a method for improving the biocompatibility of a

medical implant material, the method comprising the steps of:

(i) providing a medical implant material comprising with a polymer

associated with a binding protein for binding the transglutaminase; and

(ii) treating said material with a mammalian transglutaminase.

By ‘biocompatibility’ we mean the ability of the medical implant material
to facilitate its colonisation by host cells and to enhance proliferation of
host cells therein. Thus, biocompatibility is not intended to cover mere
adhesion of host cells to the medical implant material, but rather relates to
an interaction between the host cells and implant materials which permits
colonisation to occur. In particular, biocompatibility includes the ability
of said material to support cell attachment, cell spreading, cell

proliferation and differentiation.

Biocompatibility of a medical implant material may be assessed using
methods known in the art (see Examples). For example, increased

biocompatibility of a medical implant material is associated with an
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increase in the ability of the material to facilitate cell attachment, cell
spreading, cell proliferation and differentiation. In addition, the material
should not induce any substantial loss in cell viability, i.e. via the
induction of cell death through either apoptosis or necrosis. The
differentiation of a cell type is measured in different ways depending on
the cell type in question. For example, for osteoblasts cells in culture,
alkaline phosphate together with extracellular matrix (ECM) deposition,
e.g. collagen 1, fibronectin, osteonectin and osteopontin, can be used as a
marker. In addition, the ability of cells to proliferate and deposit ECM is
important to any material that is to be used as an implant, this includes

endothelial cells, chondrocytes and epithelial cells ezc.

A preferred embodiment of the second aspect of the invention provides the
use of a mammalian transglutaminase to facilitate colonisation of a

medical implant material by host cells.

The mammalian transglutaminase for use in the second aspect of the
invention may be any transglutaminase described in relation to the first
aspect of the invention. Preferably, the transglutaminase is a tissue
transglutaminase. Advantageously, the transglutaminase is derived from
human tissue or cells. Suitably, the transglutaminase is a recombinant
transglutaminase. Conveniently, the transglutaminase is a variant

transglutaminase.

The second aspect of the invention provides the use of a mammalian
transglutaminase to improve the biocompatibility of any material
comprising a polymer associated with a transglutaminase binding protein

that may have utility in medical implants.

PCT/GB01/01910
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Preferably, the medical implant material is or comprises a polymer as

defined above in relation to the first aspect of the invention.

Thus, the medical implant material may comprise a naturally occurring
polymer, for example a naturally occurring polymer selected from the
group consisting of extracellular matrix molecules such as collagen,

fibronectin, fibrin, fibrillin glycosaminoglycans, and hyaluronic acid.

Alternatively, or in addition, the medical implant material may comprise a
synthetic polymer, for example a polymer selected from the group
consisting of poly(e-caprolactone) (PCL), poly(L-lactide) (PLA),
poly(glycolide) (PGA), poly(DL-lactide co-glycolide) (PLG) and co-
polymers and blends thereof.  Other synthetic polymers include
methacrylates poly(ethylmethacrylate), ethylacrylate, tetrahydrofurfuryl-
methacrylate, hydroxyethylmethacrylate, silastic, poly(tetrafluoro-
ethylene), medpore (porous polyethylene), poly(orthoester), and
poly(dioxane).

Preferably, the medical implant material is or comprises the polymer

poly-(e-caprolactone).

In the use according to the second aspect of the invention, treatment of the
medical implant material with a mammalian transglutaminase may
comprise coating, impregnating, covalently linking or otherwise mixing

the medical implant material with the transglutaminase.
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Preferably, step (ii) comprises coating the medical implant material with a
transglutaminase. In an alternative embodiment, step (i) comprises
impregnating the medical implant material with a transglutaminase. In a
further embodiment, step (ii) comprises covalently linking the

transglutaminase to the medical implant material (see above methods).

Advantageously, the step of treating the medical implant material with a
transglutaminase is carried out in the absence of free divalent metal ions,

such that the transglutaminase is substantially inactive in vitro.

For example, the step of treating the medical implant material with a
transglutaminase is carried out in the presence of a divalent metal ion

chelating agent, such as EDTA or EGTA.

In the second aspect of the invention, the medical implant material
comprises a polymer associated with a transglutaminase binding protein.
The polymer and binding protein may be associated in a variety of ways

as described in relation to the first aspect of the invention.

As in the case of the first aspect of the invention, it will be appreciated by
persons skilled in the art that certain combinations of transglutaminases
and trénsglutaminase binding proteins may be preferentially used, for
example a tissue transglutaminase with fibronectin (or a fragment thereof)
or a plasma transglutaminase with fibrin (or a fragment thereof).
Additionally, mixtures of different transglutaminases and transglutaminase

binding proteins may be utilised.

PCT/GB01/01910
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A preferred embodiment of the second aspect of the invention provides the
use of a mammalian transglutaminase to improve the biocompatibility of a

medical implant material further comprising a reinforcing agent.

Advantageously, the reinforcing agent is selected from a group consisting
of alumina, alumina-boria-silica, calcium metaphosphate glass fibres,

carbon and titanium.

A further preferred embodiment of the second aspect of the invention
provides the use of a mammalian transglutaminase to improve the
biocompatibility of a medical implant material further comprising one or
more additional polymer(s). Thus, the medical implant material may be a

co-polymer or a blend of polymers.

Conveniently, the one or more additional polymer is a synthetic polymer.
Advantageously, the one or more additional polymer is a natural polymer.
Preferably, the one or more additional polymer is a natural polymer
selected from the group consisting of collagen, fibronectin, fibrin,

fibrillin, hyaluronic acid and glycosaminoglycans.

In a preferred embodiment of the first or second aspect of the invention,

the medical implant material is artificial bone.

The invention will now be described in detail with reference to the

following figures and examples:

PCT/GB01/01910
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Figure 1 shows a photograph of the morphology of human osteoblast cells
(HOBs) on PCL after 24 hours when seeded in 10% serum containing

medium (viewed using light microscopy, original magnification was x 63).

Figure 2 shows a photograph of the morphology of human osteoblast cells
on PCL after 4 days when seeded in 10% serum containing medium

(viewed using light microscopy, original magnification was x 63).

Figure 3 shows a photograph of the morphology of human osteoblast cells
on tissue culture plastic after 24 hours when seeded in 10% serum
containing medium (viewed using light microscopy, original magnification

was X 63).

Figure 4 shows a photograph of the morphology of human osteoblast cells
on tissue culture plastic after 4 days when seeded in 10% serum
containing medium (viewed using light microscopy, original magnification

was X 63).

Figure 5 shows the standard curve for the binding of fibronectin to poly(s-
caprolactone) (PCL) as measured using the ELISA technique (see
Examples). The fibronectin was immobilised by evaporation overnight at
room temperature (see section 2.4.2 for details). Data represent mean

values +/-S.D. (n=3).

Figure 6 shows the standard curve for the binding of tissue trans-
glutaminase to fibronectin coated poly(e-caprolactone) (PCL) as measured

using the ELISA technique (see Examples). The tTG was immobilised by
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evaporation overnight at room temperature (see section 2.4.2. for details).

Data represent mean values +/- S.D., (n=3).

Figure 7 shows the standard curve for the binding of tissue trans-
glutaminase to fibronectin coated poly(e-caprolactone) as measured using
the ELISA technique (see Examples). The tTG was immobilised onto the
surface for 1 hour at room temperature (see section 2.4.3. for details).

Data represent mean values +/- S.D. (n=3).

Figure 8 shows the quantitative evaluation of the activity of tTG when
immobilised onto PCL in solution with fibronectin (FN) overnight at 4°C,
using the biotin-cadaverine incorporation (see Examples). A comparison
with immobilisation on tissue culture plastic is also shown. HB equals
buffer containing 5 mN Tris-HC1 (pH 7.4), 0.25 M sucrose, 3.85 mM
DTT. Calcium is added at a concentration of 5 mM and EDTA at a
concentration of 5 mM. Data represent mean values +/- S.D. (n=3).
Statistical analysis using one way analysis of variance (Anova) was
performed on the data (** = P<0.01 and ns = not significantly
different).

Figure 9 shows the quantitative evaluation of the activity of tTG when
immobilised onto fibronectin coated PCL by evaporation, using the biotin-
cadaverine assay (see Examples). A comparison with immobilisation on
tissue culture plastic is also shown. Data represent mean values +/- S.D.
(n=3). Statistical analysis using one way analysis of variance (Anova)
was performed on the data (** = P<0.01 and ns = not significantly

different).
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Figure 10 shows the quantitative evaluation of the activity of tTG when
immobilised onto fibronectin coated PCL by incubation at room
temperature for one hour, using the Dbiotin-cadaverine assay (see
Examples). Data represent mean values +/- S.D. (n=3). Statistical
analysis using one way analysis of variance (Anova) was performed on the
data (*** = P<0.001, ** = P<0.01, * = P<0.05 and ns = not
significantly different).

Figure 11 shows a micrograph of human osteoblast cells on PCL in
serum free medium, 30 minutes after cell seeding (viewed using
E.S.E.M.). The cells are all rounded in morphology on the biomaterial

surface.

Figure 12 shows a micrograph of human osteoblast cells in serum free
medium on PCL coated with fibronectin, 30 minutes after cell seeding
(viewed using E.S.E.M.). The cells have attached to the biomaterial and

some cells have started to spread.

Figure 13 shows a micrograph of human osteoblast cells in serum free
medium on PCL coated with fibronectin and tissue transglutaminase, 30
minutes after cell seeding (viewed using he E.S.E.M.). The cells have

attached and the majority are well spread having a flat morphology.

Figure 14 shows a micrograph of human osteoblast cells in serum
containing medium on tissue culture plastic, 30 minutes after cell seeding
(viewed using E.S.E.M.). The cells have attached and have started to
spread slightly.

PCT/GB01/01910
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Figure 15 shows a micrograph of human osteoblast cells on PCL in serum
free medium, 60 minutes after cell seeding (viewed using E.S.E.M.). The

cells have attached to the PCL are starting to spread slightly.

Figure 16 shows a micrograph of human osteoblast cells in serum free
medium on PCL coated with fibronectin, 60 minutes after cell seeding
(viewed using E.S.E.M.). The results show a mixed morphology of
rounded, slightly spread and flattened cells.

Figure 17 shows a micrograph of human osteoblast cells in serum free
medium on PCL coated with fibronectin and tissue transglutaminase, 60
minutes after cell seeding (viewed using E.S.E.M.). All the cells have

spread and are flat in morphology on this particular surface.

Figure 18 shows a micrograph of human osteoblast cells in serum
containing medium on tissue culture plastic, 60minutes after cell seeding
(viewed using E.S.E.M.). The cells have started to spread and some cells

are flat in morphology.

Figure 19 shows a micrograph of human osteoblast cells on PCL in serum
free medium, 3 hours after cell seeding (viewed using E.S.E.M.). The
cells are all rounded in morphology. Some of the cells detached from the

surface.

Figure 20 shows a micrograph of human osteoblast cells in serum free
medium on PCL coated with fibronectin, 3 hours after cell seeding
(viewed using E.S.E.M.). The cells are all flat in morphology and form a

monolayer over the surface of the biomaterial.
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Figure 21 shows a micrograph of human osteoblast cells in serum free
medium on PCL coated with fibronectin and tissue transglutaminase, 3
hours after cell seeding (viewed using E.S.E.M.). The cells are all flat in
morphology, forming a complete monolayer on the surface of this

biomaterial.

Figure 22 shows HOB cell spreading on Poly(g-caprolactone) (PCL) when
coated with either fibronectin(FN) or fibronectin + tissue trans-
glutaminase (FN + tTG) 30 minutes after cell seeding. The cells were
scored type I-III (type I being cells that have just attached and type III
being cells in the late stage of spreading). These results were all
compared to tissue culture plastic (TCP) with (+) and without (-) serum
in the medium which were used as the positive and negative controls

respectively.

Figure 23 shows human osteoblast cell spreading on Poly(s-caprolactone)
(PCL) when coated with either fibronectin(FN) or fibronectin + tissue
transglutaminase (FN + tTG) 60 minutes after cell seeding. The cells
were scored type I-III (type I being cells that have just attached and type
III being cells in the late stage of spreading). These results were all
compared to tissue culture plastic (TCP) with (+) and without (-) serum
in the medium which were used as the positive and negative controls

respectively.

Figure 24 shows the proliferation of HOBs on tissue culture plastic over 8
days, using various amounts of foetal calf serum in the medium. Cell
numbers were analysed by measurement of total DNA using the method as

described in section 2.9.1.1. The data represent mean values +/- S.D.
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(n=4). The results were statistically analysed using the t test.Figure 25
shows the proliferation of human osteoblast cells on PCL in DMEM
containing different amounts of foetal calf serum was investigated using
the DNA Hoechst assay. The data represent mean values +/- S.D. (n=3).
The results were analysed using one way analysis of variance (Anova) (**

= P<0.01, * = P<0.05 and ns = not significantly different).
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EXAMPLES
Methods and Materials
Poly(e-Caprolactone) Disc Preparation

Poly(s-caprolactone) (PCL) (PCL650; Solvay Interox) was purchased in
pellet form and pressed in a square cavity at a temperature above melting
point, in order to form a 4mm thick sheet. PCL discs (6 mm in diameter)
were then stamped from the polymer sheet using a cork borer and

sterilised under UV light for 1 hour each side prior to use.
Cell Culture

Human Osteoblast (HOB) cells were isolated from explants of trabecular
bone dissected from femoral heads following orthopaedic surgery (as
described by DiSilvio, 1995). All cells were cultured in vitro using
Dulbecco’s Modified Eagles Medium (DMEM). This was supplemented
with 10% foetal calf serum, 1% non-essential amino acids, 150 pg/ml
ascorbic acid (BDH, Poole, U.K.), 2mM L-Glutamine, 0.02M [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid], (HEPES), 1% Penicillin /
Streptomycin (all obtainable from Gibco, BRL, Paisley, U.K.). The cells
were incubated at 37°C in 5% CO,, 95% air.
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Visualisation of Human Osteoblasts Cells on PCL Over 4 Days Using the

Toluidine Blue Stain and Transmission Electron Microscopy (T.E.M)

HOB cells were grown on the PCL in 10% serum containing DMEM to
initially assess the interaction of cells with this particular polymer surface.
The toluidine blue stain allowed the attachment, spreading and
proliferation of the cells on the PCL to be observed. T.E.M. allowed the
ultra structure of the cells to be observed on the biomaterial. Both these
techniques would indicate whether the polymer is biocompatible with this

particular cell type.

Toluidine Blue

PCL discs were placed in a 96 well plate (3 replicates per sample) and
human osteoblast cells (HOBs) were seeded onto the biomaterial in 10%
serum containing DMEM at a density of 1.7x10° /cm?. Tissue culture
plastic (TCP) was used as a positive control surface. The plate was then
incubated at 37°C in 5% CO,. At days 1 and 4 after cell seeding the
medium was removed and the cells were washed in sterile phosphate
buffered saline (PBS). The cells were fixed in 4% paraformaldehyde and
2% sucrose for five minutes at room temperature and then washed twice
in PBS. The cells were stained with 1% toluidine blue diluted in sterile
PBS for five minutes at room temperature. The samples were then
washed several times in PBS and viewed using light microscopy (Olympus
SZ-PT).
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Transmission Electron Microscopy (T.E.M.)

PCL discs were placed in a 48-well plate (3 replicates per time point) and
HOB cells were seeded onto the biomaterial in 10% serum containing
DMEM at a density of 1.7x10° /cm?. Thermanox was used as a positive
control surface. The plate was then incubated at 37°C in 5% CO,. At
days 1, 2, 4 and 8 days after cell seeding, the medium was removed and
the cells were washed in sterile PBS. The samples were fixed overnight
in 1.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) then
washed in the same buffer and secondary fixed using 1% osmium
tetroxide in Millonig’s buffer for 1 hour. The samples were washed in
buffer followed by a dehydration step through a series of alcohols, 50%,
70%, 90%, 96% and 100% with two 10-minute changes for each alcohol
and 30 minutes in 100% alcohol. Araldite CY212 resin was added to give
a ratio 3:1 with alcohol, fixed for 1 hour and then transferred to a 1:1
resin: alcohol mixture and left overnight and then placed in pure resin for
2 hours under vacuum infiltration. The pure resin was changed twice
(2 hours each change) and then made into blocks. The polymers were then
embedded and cured at 45°C in an oven for 48 hours (this temperature
was used to prevent the PCL from melting). Ultra thin sections were then
cut using a Reichert Ultracut E Ultramicrotome, collected on copper grids
and stained with 3% Uranylacetate in 50% methanol for 6 minutes and
then Reynold’s lead citrate for 6 minutes. The samples were examined

using a Philips EM410 transmission electron microscope at 80kV.
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Guinea-Pig Liver Tissue Transglutaminase Type II Immobilisation onto

PCL

Guinea-pig liver tissue transglutaminase (i.e. type II transglutaminase,
tTG) obtainable from Sigma was immobilised onto PCL using three
methods as shown below. Each method uses the idea of immobilising the
tTG to the PCL via fibronectin because fibronectin has a tT'G binding site.
The tTG does not have to be active to bind to fibronectin (i.e. calcium
ions are not required). Ethylenediaminetetraacetic acid (EDTA) was
added to the tTG to keep the enzyme in its inactive form and prevent the
enzyme from cross-linking the fibronectin or itself during the
immobilisation. The tTG could be added to the PCL in drop form
because the surface of the PCL was hydrophobic. A quantity of 60 ul was

enough to cover the whole surface, forming a meniscus on the surface.

(i) Immobilisation at 4°C

A solution of 15 pg/ml bovine plasma fibronectin (Gibco) and 10
pg/ml tissue transglutaminase (tTG) in 0.1M EDTA (pH 7.4.), was
added to the sterile PCL discs (60 ul per disc). This was then left
overnight at 4°C. After incubation, the solution was removed and the
PCL was washed three times with 0.1M Tris-HC1 (pH 7.4.), 5
minutes each wash. The discs were then transferred to the tissue

culture plates.
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(ii) Immobilisation by Evaporation Overnight

A 60 pl aliquot of 30 pg/ml bovine plasma fibronectin in sterile
distilled water was added to each sterile PCL disc and left overnight in
the tissue culture hood to evaporate. Once the water had evaporated, a
60 pl aliquot of 20 pg/ml tissue transglutaminase in 5SmM EDTA (pH
7.4.) was added to the PCL. This was left to evaporate overnight in
the tissue culture hood and then the discs were washed three times in
0.1M Tris-HC1 (pH 7.4.), 5 minutes each wash. The discs were then

transferred to the tissue culture plates.

(iii) Immobilisation by Incubation at Room Temperature

A 60 pl aliquot of 30 ug/ml bovine plasma fibronectin in sterile
distilled water was added to each sterile PCL disc and left overnight in
the tissue culture hood to evaporate. Once the water had evaporated, a
60 pl aliquot of 20 ug/ml tissue transglutaminase in 5mM EDTA
(pH 7.4.) was added to each PCL disc. This was then left for one
hour at room temperature. The tTG solution was removed and then
the discs were washed three times in 0.1M Tris-HCl (pH 7.4.),

5 minutes each wash and transferred to the tissue culture plates.

ELISA for Fibronectin

PCL discs were coated with different concentrations of fibronectin (0 to
50 pg/ml) by the evaporation technique described above. The fibronectin
was detected using the fibronectin ELISA assay (Gaudry, 1998). The
polymers were initially washed in 3 x 100 ul of PBS and then blocked
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with 100 pl of 3% w/v bovine serum albumin (BSA) in PBS. The plate
was incubated for 1 hour at room temperature and then washed with 3 x
100 pl of PBS before the addition of 100 ul of the primary antibody
(polyclonal rabbit anti-human plasma fibronectin, diluted 1:5000 in
blocking buffer). The plate was incubated for 2 hours at room
temperature, then washed in 3 x 100 ul of PBS before the addition of 100
pl of the secondary antibody (HRP-conjugated goat anti-rabbit, diluted
1:5000 in blocking buffer). The plate was incubated for 1 hour at rooni
temperature and then rinsed in 3 x 100 ul of before the addition of 100 ul
of 0.1M sodium acetate. The HRP was detected using 100 ul of the
developer (20mls NaOAc, 150 ul TMB and 10 ul H202) and the reaction
stopped with 50 pl of 2.5M H2SOs. The results were then read in a
colourimeter (Titertek Multiskan MCC/340MK2) at a wavelength of
450 nm.

Fibronectin-ELISA for Tissue Transglutaminase

The ELISA used to detect tTG was a modification of that developed by
Achyuthan et al., (1995). This relies upon the ability of tTG to bind

specifically to immobilised plasma fibronectin.

PCL discs were coated with 60 ul of 30 ug/ml fibronectin in sterile
distilled water and then different concentrations of tTG (0-50 ug/ml) using
the two different methods as described above. The discs were washed in 3
X 100 pl of PBS and then blocked with 100 ul of 3 % w/v BSA in PBS for
1 hour at room temperature. The PCL discs were rinsed with 3 x 100 ul
of PBS and bound tTG was detected using 100 ul of anti-monoclonal
antibody CUB7402 (diluted 1:1000 in blocking buffer). The primary
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antibody was left on the polymers for 2 hours at room temperature and
then washed in 3 x 100 ul of PBS prior to the addition of 100 ul of the
secondary antibody (HRP-conjugated goat-anti-mouse IgG (Sigma) diluted
1:5000 in blocking buffer). This was left for 1 hour at room temperature
and then the HRP detected (as described above).

To Determine if tTG is in its Active Form when Immobilised on the PCL

Surface

To determine if fibronectin and tTG are present on the surface of PCL,
the biotin-cadaverine assay was used, (Jones et al., 1997). This method
also allows the activity of tT'G on the surface of the biomaterial to be

quantified.

Four tissue culture plastic (TCP) wells and 4 PCL discs were coated with
fibronectin as described above (3 replicates per sample were used). For
one of the fibronectin coated PCL samples, tTG was immobilised onto the
PCL surface uwsing either of the three different methods also described
above. After washing the fibronectin / tTG coated PCL in 3 x 100 ul of
0.1M Tris-HC1 (pH 7.4.), 100 pl of homogenising buffer consisting of
0.25mM sucrose, SmM Tris-HCI (pH 7.4.) and 2mM EDTA (pH 7.4.)
was added and incubated for different time periods up to 15 hours at
37°C. This was then tested for tTG activity. The other three fibronectin
coated PCL discs were used for controls, which consisted of adding tTG
in directly homogenising buffer containing either calcium (positive
control) or EDTA (negative control). The other negative control was
homogenising buffer only. The four TCP wells coated with fibronectin

were to enable tTG activity to be analysed in the homogenising buffer
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taken from the fibronectin / tTG coated PCL surface and for three

controls which are the same as mentioned above.

The PCL or TCP were initially blocked with 100 ul of 3% BSA in 0.1M
Tris-HCl (pH 7.4.) at room temperature for 1 hour and then washed with
3 x 100 pl of 0.1M Tris-HCI. For the positive controls, 100 ul of the
following solution was added to the fibronectin coated TCP and PCL: 20
pg/ml guinea pig tTG, SmM CaCl, 3.85mM DTT and 0.4% biotin-
cadaverine in homogenising buffer. For the negative controls 100 ul of the
following solution was added to the fibronectin coated TCP and PCL: 20
pg/ml guinea pig tTG, 5SmM EDTA, 3.85mM DTT and 0.4% biotin-
cadaverine in homogenising buffer. To rule out any biomaterial
interaction with the assay, another control was used which consisted of
adding the following solution to fibronectin coated PCL and TCP: 5mM
CaClz, 3.85mM DTT and 0.4% biotin-cadaverine in homogenising buffer.
This was also added to the fibronectin and tTG coated PCL. To the 100 ul
of homogenising buffer that had been incubated with the immobilised
fibronectin / tTG surface, 10mM CaClz, 3.85mM DTT and 0.4 % BC

was added.

The samples were then left for 2 hours at 37°C. After this time 100 ul of
5mM EDTA in 0.1M Tris-HCI was added to the wells, left for 10 minutes
and then washed in 2 x 100 pl of 0.1M Tris-HCI. 100 pl of extravidin
peroxidase in 3% BSA was added (1:5000 dilution) and left at 37°C for
1h. The wells were washed with 3 x 100 pl of 0.1M Tris-HCI and 100 ul
of 0.1M NaOAc (pH 6.0). 100 ul of the developer was added (20mls
NaOAc, 150 pl TMB and 10 pl H202) and the reaction stopped with 50 pl
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of 2.5M H2SOs4. The results were then read in a colourimeter at a

wavelength of 450 nm.

To Determine the Effect Tissue Transglutaminase has on the Spreading of

Human Osteoblast Cells on Poly(e-Caprolactone)

Initially sterile PCL discs were coated with fibronectin and tTG as
described above. Controls consisted of PCL, PCL coated with fibronectin
and TCP. The HOB cells were harvested using trypsin, followed by
blocking in serum containing medium and then resuspended twice in
serum free medium. Cells were seeded onto the samples at 3.4x10° cells /
cm? in serum free medium. Cells were also seeded onto TCP in serum
containing medium (positive control surface). All samples were done in

triplicate.
Scanning Electron Microscopy

At 1, 2, 4 and 6 hours, the samples were washed twice with PBS and
fixed in 1.5% paraformaldehyde in sodium cocodylate buffer for
30 minutes at room temperature. The samples were dehydrated in a
graded series of ethanol (60-100%) and then left to evaporate in
hexomethyldisilazane (HMDS) overnight.. The samples were then gold

coated and viewed using a Philips 501B scanning electron microscope.
Environmental Scanning Electron Microscopy

At 30 minutes, 1 hour and 3 hours the samples were washed in 2 x 200 ul
of PBS and fixed in 200 pl of 1.5% paraformaldehyde in 0.1M sodium
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cocodylate buffer (pH 7.4.) for 30 minutes at room temperature. The
cells were then washed in 2 x 200 ul of sterile double distilled water and
viewed using a Philips XL 30 environmental scanning electron microscope
equipped with a field emission gun (FEG-ESEM) in wet mode. The
degree of cell spreading was scored as type I-III (Sinha et al., 1994).

To Determine the Effect Tissue Transglutaminase has on the

Differentiation of Human Osteoblast Cells on Poly(e-Caprolactone)

(i) Determination of the Minimum Amount of Foetal Calf Serum in
DMEM Required to Stimulate Human Osteoblast Cell Proliferation on
PCL

Initially, the minimum amount of foetal calf serum (FCS) in the medium
required to stimulate HOB cell proliferation was determined. The cells
were harvested using trypsin, followed by blocking in serum containing
medium and then resuspended twice in serum free medium. The cells
were then seeded into a 96 tissue culture plate (Falcon) in either, 100 ul of
0%, 2%, 4%, 6% or 10% FCS at a density of 1.7x10° cells / cm?. The
negative control used consisted of medium without cells, and the positive
control consisted of cells in 10% serum containing medium. The cells
were incubated at 37°C, 5% CO:z for either 1, 2, 4, 6 or 8 days. At each
of these time points the medium was removed from the wells and the cells
washed in 2 x 100 pl of sterile PBS. 100 ul of sterile double distilled
water was added to each well and the cells lysed by the freeze thaw
method, which involved placing the samples at -80°C for 20 minutes and
then at 37°C for 15 minutes. This was repeated three times. The DNA
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content of each sample was determined using the DNA Hoechst assay

(Rago et al., 1990) (see below).

The above experiment was repeated using PCL instead of TCP, however
7% and 10% FCS in the medium was used and the cells were incubated
for either 1 or 3 days. The negative control consisted of medium without
cells. The positive control consisted of cells in 10% serum containing

medium on TCP

(i) DNA Hoechst Assay (Rago et al., 1990)

This assay allows cellular DNA content to be quantified using the
fluorochrome; bisbenzimidazole (Hoechst 33258; Sigma). It works by a
shift in the emission wavelength of Hoechst 33258 upon binding of
cellular DNA. This results in a linear relationship between fluorescence
and DNA content over a broad range of DNA. This reaction has been
shown to be highly specific, and other cellular contents such as RNA,

protein and carbohydrates do not cause significant fluorescence.

Hoechst 33258 was dissolved in sterile deionised water to a final
concentration of 1mg/ml and then diluted 1 in 50 with TNE buffer
(pH 7.4.). TNE buffer consisted of 10mM Tris (BDH), 2mM Sodium
Chloride (Sigma) and 1mM diaminoethanetetra-acetic acid (EDTA)
(Fisons). It has previously been shown that crude cellular extracts assayed
in the presence of high salt concentrations (as in the TNE buffer) yield
higher fluorescence due to dissociation of DNA and chromatin with

improved exposure of DNA binding sites.
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100 pl of the diluted Hoechst 33258 was then added to 100 ul of the cell
lysates along with a range of positive DNA calf thymus standards (range
0-20 pg/ml) (obtainable from Sigma). The fluorescence was then read at
360nm (excitation filter) and 460nm (emission filter) using a CytoFluor™

fluorescent plate reader (Millipore).

(iii) The Differentiation of Human Osteoblast Cells on the Fibronectin /
Tissue Transglutaminase Coated PCL Using the Alkaline Phosphatase
Assay

The sterile PCL discs were coated with fibronectin and tTG as described
in section 2.4.3. Controls consisted of PCL, PCL coated with FN and also
TCP. The HOB cells were harvested using trypsin, followed by blocking
in serum containing medium and then resuspended twice in serum free
medium. Cells were seeded onto the polymers and TCP at 1.7x10° cells /
cm’ in 10% serum containing medium. The cells were incubated for 2
days at 37°C, 5% CO2. After this time period, the medium was removed,
100 pl of PBS added and then 100 ul of sterile distilled water added. The
cells were lysed using the freeze thaw method, whereby the cells were
frozen at -80°C for 20 minutes and then thawed for 15 minutes at 37°C
(this was repeated three times). The samples were then diluted 1 in 2 with
sterile double distilled water. The DNA Hoechst assay (see above) and
the Alkaline Phosphatase assay were then performed on the cell lysates

(see below).

(iv) Alkaline Phosphatase (ALP) Assay (Granutest kit obtainable form
Merck)

PCT/GB01/01910
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Alkaline phosphatase (ALP) is a marker of early bone cell differentiation.
This photometric assay allows ALP activity to be quantified. The principle
of the assay is the conversion of 4-Nitrophenylphosphate (substrate) and

water to phosphate and 4-nitrophenolate in the presence of active ALP.

Twenty-five ml of buffer (pH 9.8) (containing 1.0 mol/l diethanolamine,
0.5 mmol/1 MgClz and 0.225 mol/l NaCl) was added to 0.35g of the
substrate (consisting of 255 pmol 4-Nitrophenylphosphate). 50 ul of this
solution was then added to 50 pl of the cell lysate sample and the
absorbance read in a cytofluorimeter (Anthos Labtec Instruments) at 450

nm (measuring filter) and 620 nm (reference filter).
Results
Human Osteoblast Morphology on Poly(g-Caprolactone (PCL)

Human osteoblast cells were grown on the PCL in 10% serum containing
DMEM to initially assess the interaction of cells with this particular
polymer surface. Toluidine blue staining allowed the attachment,
spreading and proliferation of the cells on the PCL to be observed.
Transmission electron microscopy (T.E.M.) allowed the ultra structure of
the cells to be observed in order to assess their response to the biomaterial
surface. This would give an indication as to whether the polymer is

biocompatible with this particular cell type.

Figures 1 and 2 show HOB cells stained with toluidine blue at days 1 and
4 on PCL respectively. Figures 3 and 4 show HOB cells stained with

toluidine blue at days 1 and 4 on TCP respectively. These results clearly
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indicate that HOB cells attach and spread on the PCL in DMEM
containing 10% foetal calf serum as compared to the positive control
(TCP). There is also a definite increase in cell population from day 1 to
day 4 on both the TCP and PCL surfaces.

The T.E.M. results also indicated that the HOB cells proliferate on the
PCL surface as shown by multilayer formation over time. The ultra
structure of HOB cells on PCL was seen to be nonﬁal. However at 8 days
of culture in DMEM containing 10% foetal calf serum, it was found that
very few cells remained on the surface. It was thought that the cells must

have been removed during the washing processes.
The Detection of Fibronectin and Tissue Transglutaminase (tTG) on PCL

The ELISA technique clearly demonstrated the binding of fibronectin to
PCL (see Figure 5). The concentration of bound fibronectin increased

proportionally up to 50 ug/ml.

The modified ELISA technique also demonstrated the binding of tTG to
fibronectin coated PCL when tTG was immobilised by either evaporation
overnight or by incubation for 1 h at room temperature (see figures 6 and
7 respectively). Figures 6 and 7 clearly show that tTG can be immobilised
to PCL using both methods. The maximum concentration of tTG that can
be immobilised to the fibronectin coated PCL is approximately 30 pg/ml
for both immobilisation techniques and the half maximum binding

capacity is approximately 15 pug/ml.
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The Activity of Tissue T ransglutaminase, After Immobilisation onto the

Biomaterial Surface

() Quantitative Evaluation of the Activity of tTG on PCL when
Immobilised in a 0.1M EDTA solution together with Fibronectin by

Incubation at 4°C

The activity of tT'G on the PCL surface was evaluated using the biotin-
cadaverine incorporation assay (see above). 15 ug/ml of fibronectin and
10 pg/ml tTG were immobilised onto the PCL surface by incubation
together in a 0.1M EDTA solution overnight at 4°C. The data in Figure 8
show that tTG is not active on the PCL surface or in the homogenising
buffer removed from the same surface. This suggests that either
fibronectin was not immobilised onto the PCL wusing this method (which
needs to be confirmed using the ELISA technique) or the fibronectin
adsorbed to the PCL was in a configuration unfavourable for tTG cross-
linking. The positive control for PCL showed no significant tTG activity
either, which again suggests that fibronectin is not present on the surface
or is inaccessible for tTG cross-linking due to its unfavourable
configuration. Another alternative would be that tTG did not bind to the
fibronectin and was in an inactive form hence no activity was seen in the

homogenising buffer either.

In further experiments the fibronectin and tTG concentrations were
increased. It was also thought that 0.1M EDTA solution was too high a
concentration for tTG binding as EDTA at this concentration might

interfere with the tTG binding site on fibronectin molecule. Five mM
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EDTA was used in the preceding experiments (which is commonly used in
the biotin cadaverine incorporation assay because it is high enough to
inhibit tTG activity and yet low enough to allow the tTG to bind to the

fibronectin).

(i1) Quantitative Evaluation of the Activity of tTG on Fibronectin-coated
PCL When Immobilised by Evaporation in SmM EDTA.

The activity of tTG on the PCL surface was evaluated using the biotin-

cadaverine incorporation assay (see above). The tTG was immobilised

‘onto the PCL by initially coating the surface with 30 pg/ml fibronectin by

evaporation. A 5SmM solution of 20 ug/ml tTG was then added to the
PCL in the same way (see above for details). The data in Figure 9 show
that the evaporation method allows the fibronectin to be immobilised onto
the PCL in a configuration that is favourable for tTG cross-linking (see
PCL positive control, which shows that addition of tTg gives rise to biotin
cadaverine incorporation on the fibronectin coated PCL surface. The
presence of fibronectin on the PCL surface when immobilised by this
method was also confirmed by the ELISA assay (see Figure 5). Figure 9
also illustrates that the immobilised tTG is not active on the PCL when it
is immobilised by evaporation overnight even though the ELISA results
show that it is present on the surface (see Figure 6). There was no
significant tTG activity in the homogenising buffer which was removed
from the fibronectin / tTG PCL surface, which also confirms that the tTG

is present on the surface of the polymer.

PCT/GB01/01910
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(iii) Quantitative Evaluation of the Activity of tTG on Fibronectin-coated
PCL When Immobilised by Incubation in 5SmM EDTA for One Hour

at Room Temperature

The activity of tTG on the PCL surface was evaluated using the biotin-
cadaverine incorporation assay (see section 2.7 for details). The tTG was
immobilised onto the PCL by initially coating the surface with 30 ug/ml
fibronectin by evaporation. A SmM solution of 20 ug/ml tTG was then
added to the PCL for 1 hour at room temperature (see above for details).
Figures 9 and 10 both show that the evaporation method allows the
fibronectin to be immobilised onto the biomaterial surface in a
configuration' that is favourable for tTG cross-linking (see PCL positive
control, which shows that addition of tTg gives rise to biotin cadaverine
incorporation on the fibronectin coated PCL. Figure 10 also illustrates
that immobilised tTG is present on the biomaterial surface and is active
when immobilised for 1h at room temperature. The ELISA technique (see
Figure 7) confirms that the tTG can be immobilised by this method. The
homogenising buffer that was removed from the PCL that had previously
been coated with fibronectin and tTG, showed no tTG activity when
compared to the TCP negative control which confirms that tTG was
immobilised to the PCL.

Human Osteoblast Cell Spreading on the Tissue Transglutaminase /
Fibronectin Coated PCL:

HOB cells on tissue culture plastic (TCP) with and without 10% serum in
the medium and PCL, PCL + fibronectin and PCL + fibronectin + tTG

in serum free medium were cultured for 2 or 4 hours. After this, they
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were fixed and viewed using scanning electron microscopy (S.E.M.). The
results clearly demonstrated that cell spreading occurred before 2 hours on
the fibronectin / tTG coated PCL surface. Some distortion of the PCL
surface occurred during the hydration step during S.E.M. sample
preparation. The experiment was therefore repeated using smaller time
points and viewed using environmental scanning electron microscopy
(E.S.E.M.), which doesn’t require a hydration step when preparing the
sample. The samples were viewed in wet mode and the results are shown

in Figures 11-21.

Figures 11-14 shows the degree of spreading of HOBs on various
substrates at 30 minutes after cell seeding. The results clearly show that in
30 minutes the cells have attached and spread to the fibronectin / tTG
coated PCL surface. Some of the cells are already at the late stages of cell
spreading. The rate at which these cells spread was quicker than cells
seeded on TCP in serum containing medium or on the fibronectin coated
PCL surface. It can be clearly seen that cells on PCL alone are rounded in

morphology and show no signs of spreading at this particular time point.

After 1 hour incubation on the different surfaces, similar results were
obtained (see Figures 15-18). The cells were spreading quicker on PCL
coated with fibronectin + tTG than on fibronectin coated PCL or TCP.
The cells on the fibronectin + tTG coated PCL, showed a more flattened
morphology than seen at 30 minutes. Cells on PCL still remained rounded

at this time point.

Figures 19-21 show the degree of spreading 3 hours after seeding the

HOB cells in serum free medium. The cells clearly remained rounded in
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morphology on the PCL. A lot of cells had detached from the biomaterial
surface illustrating that HOB cells require adhesion proteins to spread on
PCL. However, after 3 hours on the PCL + fibronectin and PCL +
fibronectin + tTG surfaces the cells were flat in morphology and had

formed a monolayer.

Figures 22 and 23 show graphical data to summarise the effects tTG has
on HOB cell spreading after 30 and 60 minutes (as viewed using
E.S.E.M.). The degree of cell spreading was scored as type I-IIl. Type I
was classed as cells that have attached to the surface but remain rounded
in morphology. Type II cells are classed as cells that have attached to the
surface and have started to spread. Type III cells are classed as those
which have attached and spread out flat on the surface (late stage of

spreading).

It can therefore be concluded from Figures 16-23 that HOB cells respond
immediately to the tTG on the PCL surface, which subsequently causes
earlier cell spreading. This surface is far more preferential to PCL alone

or PCL coated with fibronectin.

Human Osteoblast Cell Differentiation on the Tissue Transglutaminase /

Fibronectin-coated PCL

Initially the minimum serum content of medium required for HOB cells to
proliferate on TCP was investigated. The intention was to allow minimal
interference of serum proteins with tTG when investigating its role in the
differentiation of HOB cells when coated on PCL. Figure 24 clearly

shows that HOB cells cannot proliferate in serum free medium on TCP.



WO 01/85224

10

15

20

25

PCT/GB01/01910

55

They can proliferate with as little as 2% serum in the medium. However
the rate of proliferation is significantly slower than that of cells in the

medium with a serum content of 4% or more.

When the proliferation of HOB cells on PCL in varying amounts of serum
containing medium was studied, it was found that a much higher serum
content was required (see Figure 25). There was no significant difference
in DNA concentration between day 1 and day 3 when the cells were
cultured in 7% serum containing medium. However, the DNA
concentration was significantly higher between day 1 and day 3 for cells
cultured in 10% serum containing medium. These results illustrate that the
minimum content of serum in DMEM required for HOB cell proliferation
on PCL, is 10%. At day 3, the number of cells on tissue culture plastic
was significantly greater than the number of cells on PCL when both are

cultured in 10% serum containing medium.
Discussion

The study of implant surface and biomaterial tissue interface reactions is
essential for the continued improvement of implant performance. A
review by Blitterwijk er al., (1991) discusses the importance of the
reactions of cells at implant surfaces in determining the biocompatibility
of the implant. Current research involves making bioactive materials,
which will allow the integration of the material with the body. Many
workers have introduced the concept of combining synthetic polymers

with natural polymers to enhance biocompatibility.
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In this study poly(e-caprolactone) (PCL) was chosen and the natural
polymer fibronectin was immobilised onto this surface. In a further
attempt to stabilise and facilitate compatibility of the cell-biomaterial
interface, the enzyme tissue transglutaminase (tT'G) was also immobilised
onto the fibronectin coated PCL surface. This enzyme catalyses the post-
translational modification of proteins by forming inter and intramolecular
g(y-glutamyl) lysine cross-links in inter- and intracellular proteins. The
bonds that form are stable, covalent and resistant to chemical, enzymatic
and physical disruption. The cross-linking of extracellular proteins is
thought to enhance cellular responses such as cell attachment, spreading
and differentiation at the biomaterial interface. However tTg may act as a
receptor adhesive protein without protein crosslinking via its interaction
with the B: and Bs integrins (See Gaudry et al., 1999, Exp. Cell. Res.
252, 104-113; Akimov et al., 2000, J. Cell. Biol. 140, 852-858).

Jurgensen ez al., (1997) showed that tTG could be a new biological ‘glue’
for cartilage-cartilage interfaces. Tissue TG has 62% greater adhesive
strength than that of Tissucol, a commercially available fibrin-glue
preparation. Jones et al., (1997) showed that human endothelial cells
transfected with anti-sense tTG, showed a decrease in cell adhesion and
spreading. The theory of tTG being involved in cell attachment is also
supported by the findings of Gentile et al., (1992) using Balb-c 3T3
fibroblasts, Borge et al., (1996) using chondrocytes and Verderio et al.,
(1998) using Swiss 3T3 Fibroblasts.

In the present study, three different methods were used to try and
immobilise fibronectin and tTG. All methods were based on the theory

that tTG would bind to the immobilised fibronectin on the PCL, because
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fibronectin has a tT'G binding site (Jeong et al., 1995). This binding has
been shown to be linked with the first 7 residues at the N terminal domain
of tTG. However, reduction and alkylation of fibronectin, destroys its
ability to associate with the tTG, suggesting that some features of its

tertiary structure are necessary for the binding of the enzyme.

The tTG was immobilised onto the fibronectin coated PCL surface in
either 0.1 M or 5SmM EDTA to prevent tTG cross-linking occurring
before the biotin-cadaverine experiment was performed. It was hoped that
this would not affect the binding properties of the enzyme. Jeong et al.,
(1995) showed that binding occurs in the absence of Ca?* and that the
alteration in the conformation of the enzyme is not essentiql for the

formation of the fibronectin-tTG complex.

The three methods of immobilising tTG to PCL were, a) adding
fibronectin and tTG in solution overnight at 4°C, b) immobilising
fibronectin onto the surface by evaporation and then immobilising tTG
onto the surface by evaporation, c¢) immobilising fibronectin onto the
surface by evaporation and then adding tTG and leaving it for 1h at room

temperature.

The ELISA techniques demonstrated the presence of fibronectin on PCL
when immobilised by evaporation and also demonstrated the presence of
tTG on fibronectin coated PCL when immobilised by either evaporation

overnight or by incubation for 1h at room temperature.

The activity of tTG on the PCL surface was evaluated using the biotin-

cadaverine incorporation assay. It was found that tTG was not active on
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the surface of PCL when immobilised in solution together with
fibronectin. An explanation for this would be that fibronectin is
inaccessible for tTG cross-linking due to its unfavourable configuration or
alternatively, the fibronectin did not bind to the PCL at 4°C. It was also
found that tTG was not active on the fibronectin coated PCL surface when
the tTG was immobilised by the evaporation method. An explanation for
this would be that the evaporation method renders the tTG inactive as it
was shown that under these circumstances tTG is present on the PCL
surface (as demonstrated by the ELISA technique). When the tTG was
immobilised by incubation for 1h at room temperature however, it was

found to be active on the surface.

Tissue transglutaminase is regulated by calcium and nucleotides
(Smethurst and Griffin, 1996). They found that tTG was active at
100 uM calcium and when ATP or GTP were absent or in very low
concentrations. In the cytoplasm of a resting energy-rich cell, the ATP
levels may be as high as 8-11mM and GTP levels between 50 and
300 uM, with a proportion of each being bound to cytosolic proteins,
giving lower free nucleotide concentrations. In the resting state the free
calcium is around 100-200 nM. Under these conditions their data suggest
that tTG activity in the cytosol would be switched off. However, in
DMEM (the medium that human osteoblast cells are cultured in) or in the
in vivo situation there is >100 uM calcium, which is enough to activate

the tTG on the biomaterial surface.

When the human osteoblast cells were seeded onto the fibronectin / tTG
coated PCL surface, tTG had a profound effect on cell morphology (as
viewed using E.S.E.M.). The results clearly demonstrated that cell
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spreading in serum free medium occurred 30 minutes after cell seeding
unlike the cells on the PCL surface which remained rounded and unlike
the cells on the PCL + fibronectin surface which had only just started to
spread. The cells on the fibronectin / tTG coated surface spread quicker
than cells seeded on tissue culture plastic in 10% serum containing

medium (positive control).

After 1 hour incubation on the different surfaces, similar results were
obtained and 3 hours after cell seeding the human osteoblast cells had
formed a monolayer on PCL + fibronectin, PCL+ fibronectin + tTG
and on tissue culture plastic. The cells on PCL however, were still
rounded in morphology and only a few cells were present indicating that

some cells had probably detached during the hour.

It can therefore be concluded from the E.S.E.M. results, that human
osteoblast cells immediately respond to the tTG on the PCL surface,
which subsequently causes earlier cell spreading. This surface is far more
preferential to PCL alone, PCL coated with just fibronectin and tissue

culture plastic.

Cells initially attach to the biomaterial by physicochemical factors,
i.e. charge, surface free enefgy or the water content of the biomaterial
(Schamberger and Gardella, 1994) and then strongly adhere to ECM
proteins, which have been deposited on the biomaterial surface. It is
thought that initially the cells attach to the fibronectin coated PCL surface.
Evidence then suggests that tTG cross-links the fibronectin with other cell
surface bound proteins forming a stabilised extracellular matrix on the

biomaterial surface. Cross-linking of the surface bound proteins may also
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trigger the activation of integrins. The cell may also utilise the tTG as an
adhesion prbtein in association with the B1 integrin in order for it to attach
to the biomaterial surface. Gaudry et al., (1999) has shown that tTG co-
localises with the B1 integrin and Akimov et al., 2000, J. Cell. Biol. 148,
825-8 has suggested that tTg may mediate the interaction between the Bl

and B3 integrins and fibronectin.

The differentiation of human osteoblast cells on the tTG coated PCL
surface was investigated. It was necessary to first establish the lowest
amount of serum required in DMEM that will allow osteoblast
proliferation. The results showed that cells can proliferate in as little as
2% serum containing medium on tissue culture plastic, however they
require a minimum of 10% serum containing medium when cultured on
PCL. The rate of proliferation is also slower on PCL than on tissue

culture plastic.

The differentiation of cells on the TCP, PCL, PCL + FN and PCL + FN
+ tTG surfaces was measured 2 days after cell seeding using the alkaline
phosphatase activity assay and was expressed as per ug DNA. The
preliminary results indicate that tT'G, does not have any detrimental effect
on the alkaline phosphatase activity / differentiation of HOB cells on PCL
when compared to PCL coated with fibronectin. Hdwever, this needs to
be investigated at later time points. Kaartinen et al., (1999), however
believes that the cross-linking of osteopontin (a major noncollagenous
bone protein) by tTG increases its collagen binding properties. This leads
us to believe that tTG may be a promoter of cell differentiation because it
not only cross-links extracellular proteins but also helps in ECM molecule

recruitment.
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Poly(e-caprolactone) coated with fibronectin and tissue transglutaminase is
a bioactive biomaterial that enhances cell attachment, spreading and
stabilises the extracellular matrix on the biomaterial surface making the
human osteoblast-biomaterial interface stable. This biomaterial has
potential applications in bone grafting where cells need to rapidly colonise
the biomaterial in order to produce new bone. The PCL could also be re-
enforced to give it the mechanical strength required for hip and knee

prosthesis.
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CLAIMS
1. A medical implant material comprising a mammalian

transglutaminase and a polymer, wherein the transglutaminase is provided
in the absence of free divalent metal ions and wherein the polymer is

associated with a binding protein for binding the transglutaminase.
2. Use of a mammalian transglutaminase in a method for improving
the biocompatibility of a medical implant material, the method comprising

the steps of:

(D) providing a medical implant material comprising a polymer associated

with a binding protein for binding the transglutaminase; and
(ii) treating said material with a mammalian transglutaminase.

3. A use according to claim 2 in a method for facilitating the

colonisation of a medical implant material by host cells.

4. A material according to claim 1 or a use according to claim 2 or 3

wherein the transglutaminase is tissue transglutaminase.

5. A material according to claim 1 or a use according to claim 2 or 3

wherein the transglutaminase is plasma transglutaminase.

6. A material or use according to any one of claims 1 to 5 wherein the

transglutaminase is prepared from mammalian tissue or cells.
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7. A material or wuse according to claim 6 wherein the

transglutaminase is prepared from human tissue or cells.

8. A material or use according to any one of the preceding claims

wherein the transglutaminase is a recombinant transglutaminase.

9. A material or use according to any one of the preceding claims

wherein the transglutaminase is a variant transglutaminase.

10. A material or use according to any one of the preceding claims

wherein the polymer is a naturally occurring polymer.

11. A material or use according to claim 10 wherein the naturally
occurring polymer is a naturally occurring extracellular matrix molecule,
preferably collagen, fibronectin, fibrin, fibrillin, a glycosoaminoglycan or

hyaluronic acid.

12. A material or use according to any one of the preceding claims

wherein the polymer is a synthetic polymer.

13. A material or use according to claim 12 wherein the synthetic
polymer is selected from the group consisting of poly(e-caprolactone)
(PCL), poly(L-lactide) (PLA), poly(glycolide) (PGA), poly(DL-lactide co-
glycolide) (PLG), methacrylates poly(ethylmethacrylate), ethylacrylate,
tetrahydro-furfurylmethacrylate,  hydroxyethylmethacrylate, silastic,
poly(tetra-fluoroethylene), medpore (porous polyethylene),

poly(orthoester), poly(dioxane), and co-polymers and blends thereof.
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14. A material according to claim 12 or 13 wherein the polymer is

poly-(e-caprolactone).

15. A material or use according to any one of the preceding claims
wherein the medical implant material comprises a polymer which is
coated, impregnated, covalently bound to or otherwise admixed with a

transglutaminase binding protein.

16. A material or use according to any one of claims 1 to 15 wherein

the polymer is coated with the transglutaminase binding protein.

17. A material or use according to any one of claims 1 to 15 wherein

the polymer is impregnated with the transglutaminase binding protein.

18. A material or use according to any one of claims 1 to 17 wherein

the polymer is covalently bound to the transglutaminase binding protein.

19. A material or use according to any one of claims 1 to 18 wherein

the transglutaminase binding protein is a transglutaminase substrate.

20. A material or use according to any one of claims 1 to 19 wherein
the transglutaminase binding protein is selected from a group consisting of
fibronectin, fibrin, fibrinogen, collagen, entactin, osteonectin,

osteopontin, thrombospondin, vitronectin, B-lactoglobulin and casein.

21. A material or use according to any one of claims 1 to 20 wherein
the transglutaminase binding protein is fibronectin or a fragment thereof

that is capable of binding to a transglutaminase.

PCT/GB01/01910
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22. A material or use according to claim 21 wherein the fibronectin
fragment comprises amino acids 32-608 of the N-terminus of fibronectin,

or a fragment thereof.

23. A material or use according to any one of claims 1 to 20 wherein
the transglutaminase binding protein is fibrin or a fragment thereof that is

capable of binding to a transglutaminase.

24. A material or use according to any one of the preceding claims
wherein the medical implant material further comprises a reinforcing

agent.

25. A material or use according to claim 24 wherein the reinforcing
agent is selected from a group consisting of alumina, alumina-boria-silica,

calcium metaphosphate glass fibres, titanium and carbon.

26. A material or use according to any one of the preceding wherein
the medical implant material further comprises one or more additional

polymer(s).

27. A material according to claim 26 wherein the one or more

additional polymer is a synthetic polymer.

28. A material or use according to claim 26 wherein the one or more

additional polymer is a natural polymer.
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29. A material or use according to claim 26 or 28 wherein the one or
more additional polymer is a naturally occurring extracellular matrix
molecule such as collagen, fibronectin, fibrillin, fibrin, a

glycosoaminoglycan or hyaluronic acid.

30. A material according to claim 1 or any one of claims 4 to 29

wherein the polymer is coated with the transglutaminase.

31. A material according to claim 1 or any one of claims 4 to 29

wherein the polymer is impregnated with the transglutaminase. -

32. A material according to claim 1 or any one of claims 4 to 31
wherein the transglutaminase is covalently linked to the polymer, either

directly or indirectly via the binding protein.

33. A material according to claim 1 or any one of claims 4 to 32

wherein the transglutaminase is provided with a chelating agent.

34. A material according to claim 33 wherein the chelating agent is
EDTA or EGTA.

35. A material according to claim 33 or 34 wherein the chelating agent

is at a concentration of between 5 mM and 0.1 M.

36. A use according to any one of claims 2 to 29 wherein the step (ii)

comprises coating the medical implant material with a transglutaminase.
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37. A use according to any one of claims 2 to 29 wherein the step (ii)
comprises impregnating the medical implant material with a

transglutaminase.

38. A use according to any one of claims 2 to 29 wherein the step (ii)
comprises covalently linking the transglutaminase to the medical implant

material.

39. A use according to any one of claims 2 to 29 or 36 to 38 wherein
the step of treating the medical implant material with a transglutaminase is

carried out in the absence of free divalent metal ions.
40. A use according to any one of claims 2 to 29 or 36 to 39 wherein
the step of treating the medical implant material with a transglutaminase is

carried out in the presence of a chelating agent.

41. A use according to claim 40 wherein the chelating agent is EDTA
or EGTA.

42. A use according to claim 41 wherein the chelating agent is at a

concentration of between 5 mM and 0.1 M.

43. A method or use according to any one of the preceding claims

wherein the medical implant material is artificial bone.

44. A medical implant material substantially as described herein.
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45. A use of a mammalian transglutaminase for improving the
biocompatibility of a medical implant material substantially as described

herein.



WO 01/85224 PCT/GB01/01910




WO 01/85224 PCT/GB01/01910




WO 01/85224 PCT/GB01/01910




WO 01/85224 PCT/GB01/01910




WO 01/85224 PCT/GB01/01910

5/25

FIGURE 5

0.35
0.30
0.25 }
0.20 T /
0.15
0.10
0.05 T
0.00 L . . .

0 10 20 30 40 50
Fibronectin Concentration (pg/mi)

Absorbance (450nm)

gl




WO 01/85224 PCT/GB01/01910

6/25

FIGURE 6

0.3
0.25

0.1-5 =
/

A

\

e
—

Absorbance (450nm)

e
(=]
v

(e

0 10 20 30 40 50

Tissue Transglutaminase Concentration (ug/ml)



Absorbance (450nm).

WO 01/85224

0.4

7/25

FIGURE 7

PCT/GB01/01910

0.35

0.3
0.25

0.2

0.15

0.1

0.05

10 15 20 25 30
Tissue Transglutaminase Concentration (y,g/ml)

35

40



WO 01/85224 PCT/GB01/01910

8/25

FIGURE 8

0.6
e @ Tissue Culture Plastic
0.5 T m Poly(Caprolactone)
E 04|
S
0
N
g 0.3 4
,§ ns
8 02 . T
< s
0.1 .| I T
n "I
0- - - . . T

tTGand tTGand EDTA HB from the tTGand tTGand EDTA Calcium in the
calcium in HB in HB addedto FNATGPCL calcium in HB in HB addedto HB added to
added to the the fibronectin  added to the added to the the fibronectin the fibronectin
fibronectin  coated surface  fibronectin fibronectin  coated surface and tTG coated
coated surface coated surface coated surface surface



WO 01/85224

0.7

PCT/GB01/01910

9/25

FIGURE 9

e
o

M Tissue Culture Plastic

Poly(Caprolactone)

o
n

ek

o
~
1

<
W
I
|

Absorbance (450nm)

o
N
1
|

ns

o
—_
1

0 - :ﬁ

1S

I mm

tTG and calciumin 1TG and EDTA in

HB added to the =~ HB added to the
fibronectin coated fibronectin coated
surface surface

HB from the tTG and calciumin TG and EDTA in Calcium in the HB
FN/ATG PCL added B added to the HB added to the added to the FN and
to the fibronectin  fibronectin coated fibronectin coated tTG coated surface

coated surface surface surface



WO 01/85224 PCT/GB01/01910

10/25

FIGURE 10

o
o

@ Tissue Culture Plastic
Poly(Caprolactone)

©
W
|

e
'S
1

*

: *
o fi o I gus i

tTGand calcium tTGand EDTA HB from the tTGandcalcium tTGand EDTA  Calcium in the
in HBaddedto  in HB added to FN/tTGPCL in HBaddedto in HBaddedto HB added to the
the fibronectin  the fibronectin added to the the fibronectin  the fibronectin  fibronectin and
coated surface coated surface fibronectin coated surface coated surface tTGcoated
coated surface surface

<
w
1

(=
bo
I

Absorbance (450nm)

(]
—
1




WO 01/85224 PCT/GB01/01910

11/25

FIGURE 11




WO 01/85224 PCT/GB01/01910

12/25

FIGURE 12




WO 01/85224 PCT/GB01/01910

13/25

FIGURE 13




WO 01/85224 PCT/GB01/01910

14/25

FIGURE 14




WO 01/85224 PCT/GB01/01910

15/25

FIGURE 15




PCT/GB01/01910

WO 01/85224

16/25

FIGURE 16




WO 01/85224 PCT/GB01/01910

17/25

FIGURE 17




WO 01/85224 PCT/GB01/01910

18/25

FIGURE 18




WO 01/85224 PCT/GB01/01910

19/25

FIGURE 19




WO 01/85224 PCT/GB01/01910

20/25

FIGURE 20




WO 01/85224 PCT/GB01/01910

21725

FIGURE 21




WO 01/85224 PCT/GB01/01910

22/25

FIGURE 22

100%-
80%-

@ Type IIL
m Type Il
m Typel

60%-

40%-

20%]

0%




WO 01/85224 PCT/GB01/01910

23/25

FIGURE 23

100%-,
80%-

@ Type I
mTypell
mTypel

60%.]

40%|

20%

0%




WO 01/85224

24/25

FIGURE 24

Yo
(9]

[}
o

f—
o

(9}

DNA Concentration gg/ml’
O

o

PCT/GB01/01910

—o— 0% Serum
—m— 2% Serum
—i 4% Serum
—e 6% Serum
—x— 8% Serum




25/25

FIGURE 25

*%

PCT/GB01/01910

WO 01/85224
6
5
5 4
®
8 o
5E °
& on
S3 2
<
Z 1
A

m 7% Serum
onPCL

10% Serum
onPCL

710% Serum
on TCP

Time (days)



INTERNATIONAL SEARCH REPORT

tional Application No

rvi/GB 01/01910

A._CLASSIFICATION OF SUBJECT MATTER
IPC 7 A61L27/22 A61L27/36

C12N9/10

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7 A6iL CI12N A23L

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation 1o the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal, WPI Data, PAJ, COMPENDEX, INSPEC

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category °

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

claims 9,10,18,19

X EP 0 530 804 A (SHAW ROBERT F)
10 March 1993 (1993-03-10)

column 18, Tine 26 - 1ine 39

1-3,10,
11,
15-21,
23,24,
26,
28-32,
36-39,
43-45

Further documents are listed in the continuation of box C.

Patent family members are listed in annex.

° Special categories of cited documents :

*A* document defining the general state of the art which is not
considered to be of particular relevance

*E" earlier document but published on or after the international
filing date

*I.* document which may throw doubis on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring 10 an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing date but
laler than the priority date claimed

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the

invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered 1o
involve an inventive step when the document is taken alone

*Y* document of particular relevance; the claimed invention
cannot be considered fo involve an inventive step when the
document is combined with one or more other such docu—
ments, such combination being obvious to a person skilled

in the art.

*&" document member of the same patent family

Date of the actual completion of the international search

30 July 2001

13/08/2001

Date of mailing of the international search report

Name and mailing address of the ISA

European Patent Office, P.B. 5818 Patentlaan 2
NL — 2280 HV Rijswijk

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Thornton, S

Form PCT/ISA/210 (second sheet) (July 1992)

page‘ 1 ofm 3 .




INTERNATIONAL SEARCH REPORT

tional Application No

rvi/GB 01/01910

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT
Category ° | Cilation of document, with indication,where appropriate, of the relevant passages Relevant to claim No.
X WO 97 40701 A (ZYMOGENETICS INC) 1-7,10,
6 November 1997 (1997-11-06) 11,
15-21,
23,24,
26,
28-32,
36-39,
43-45
page 14, Tine 11 - 1line 28
page 17, line 7 — line 17
claims
X US 5 939 385 A (BUSBY SHARON J ET AL) 1-8,10,
17 August 1999 (1999-08-17) 11,
15-21,
23,24,
26,
28-32,
36-39,
43-45
column 13, 1ine 55 -column 15, 1ine 23
claims 8-54
X WO 98 43686 A (HUBBELL JEFFERY;SCHENSE 1-3,8,
JASON C; CALIFORNIA INST OF TECHN) 10,11,
8 October 1998 (1998-10-08) 15-21,
23,24,
26,
28-32,
36-39,
43-45
claims
A WO 94 28949 A (ORTHOGENE INC) 1-45
22 December 1994 (1994-12-22)
cited in the application
claims
A EP 0 856 355 A (GIVAUDAN ROURE INT) 1-45
5 August 1998 (1998-08-05)
column 4, Tine 41 -column 5, line 1
claims
A DATABASE WPI 33-35
Section Ch, Week 199018
Derwent Publications Ltd., London, GB;
Class All, AN 1990-137094
XP002173469
& JP 02 086743 A (NIPPI GELATIN KOGYO),
27 March 1990 (1990-03-27)
abstract
)

Form PCT/ISA/210 {continuation of second sheet) (July 1992}

page 2 of 3




INTERNATIONAL SEARCH REPORT

tional Application No

v /GB 01/01910

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Calegory ° | Citation of document, with indication,where appropriate, of the relevant passages Relevant o claim No.

P,X US 6 190 896 B1 (FRAIJ BASSAM M) 1-3,8,
20 February 2001 (2001-02-20) 10,11,
15-21,
23,24,
26,
28-32,
36-39,
43-45
column 8, line 63 ~column 9, line 46
claims

Form PCT/ISA/210 (continuation of second sheet) (July 1992)

page- 3 -of 3



INTERNATIONAL SEARCH REPORT

Information on patent family members

ational Application No

rur/GB 01/01910

Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 0530804 A 10-03-1993 us 5270300 A 14-12-1993
AU 657888 B 23-03-1995
AU 2541192 A 05-04-1993
CA 2116859 A 18-03-1993
IL 102988 A 08-02-1998
JP 7500741 T 26-01-1995
NO 940764 A 29-04-1994
NZ 244060 A 27-07-1997
Wo 9304710 A 18-03-1993
ZA 9206729 A 12-03-1993
W0 9740701 A 06-11-1997 us 5834232 A 10-11-1998
AU 733809 B 24-05-2001
AU 2924097 A 19-11~-1997
US 5939385 A 17-08-1999 us 5428014 A 27-06-1995
AU 5963696 A 30-12-1996
Wo 9640780 A 19-12-1996
WO 9505396 A 23-02-1995
WO 9843686 A 08-10-1998 AU 7245598 A 22-10-1998
GB 2348426 A,B 04-10-2000
W0 9428949 A 22-12-1994 us 5549904 A 27-08-1996
AU 7051194 A 03-01-1995
AU 8305598 A 29-04-1999
CA 2163250 A 22-12-1994
EP 0702572 A 27-03-1996
JP 8510943 T 19-11-1996
us 5736132 A 07-04-1998
EP 0856355 A 05-08-1998 us 6039901 A 21-03-2000
AU 5284198 A 06-08-1998
BR 9800513 A 25-05-1999
CA 2228165 A 31-07-1998
JP 10249184 A 22-09-1998
ZA 9800585 A 31-07-1998
JP 2086743 A 27-03-1990 JP 2619933 B 11-06-1997
US 6190896 B 20-02-2001 NONE

Form PCT/ISA/210 (patent family annex) (July 1992)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

