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SHAPE MEMORY THERMOPLASTICS AND
POLYMER NETWORKS FOR TISSUE ENGINEERING

Background of the Invention

The present-invention relates to the use of shape memory polymers in tissue engineering
and to a method of tissue engineernng using shape memory polymers.

Up to now biedggradable and biostable thermoplastic or. network
materials which are biocompatible were used as scaffold material in tissue
engineering. Several different polymeric substances were applied from modified
biologic to fully synthetic materials. Great achievements have been realized in
tissue engineering using these materials, such as tissue engineered artificial skin
and other products that are now in the clinical pipeline.

" However the scaffold material cannot react or be altered independent of -

the seeded surface, in-growth of vasculature or differentiation of seeded cells.

The materials that are needed are therefore:

Materials or materials loaded or coated with bioactive substances that
have the possibility to induce structuring, proliferation or differentiation of cells
in itself.

Materials that can control release kinetics of one or more bioactive
substances independently by triggering an effect, that may open or close porous
structures through an external stimulus. |

Scaffolds that will only degrade after an external stimulus is set
(degradation on demand).

Scaffolds that can induce forces on the seeded cells.

It is the object of the present invention to overcome the drawbacks of the prior art.

This object has been solved with the use and the method according to the independent

claims. Preferred embodiments are given in the dependent subclaims.
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Brief description of the figures

Figure 1 shows SMP particles employed for tissue and/or cell engineering. The surface
of the seeded particle can be increased by inducing a shape memory efiect.

Figure 2 shows that separation of grown cells and/or tissue from SMP particle (scaffold)
can be achieved by inducing degradation and/or a shape memory effect.

Figure 3 shows an example of the use of SMP scaffold for the orientation of cells and/or

tissue grown' thereon by inducing a shape memory effect. In addition it is shown that bio-
active substances, contained in the SMP scaffold are released due to the shape memory
effect. |

First the shape memory polymers (SMP) which may be employed in the present inven-
tion are described. |

SMP are generally characterized as having netpoints and flexible segments. These net- ’
points can be chemical or physical in nature. SMP are characterized as phase

“segregated linear block co-polymers having a hard segment and a soft |

segment. The hard segment 1s typically crystalline, with a defined melting
point, and the soft segment 1s typically amorphous, with a defined glass

transition temperature. In some embodiments, however, the hard segment is

amorphous and has a glass transition temperature rather than a melting point.
In other embodiments, the soft segment is crystalline and has a ntielting point

rather than a glass transition temperature. The melting point or glass
transition temperature of the soft segment 1s substantially less than the
melting pcéin.t or glass transition temperature of the hard segment.

When the SMP is heated above the melting point or glass transition

temperature of the hard segment, the material can be shaped. This permanent or original

shape can be memorized by cooling the SMP below the melting point or
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glass transition temperature of the hard segment. When the shaped SMP is

cooled below the melting point or glass transition temperature of *he soft
segment while the shape is deformed, a new (temporary) shape is fixed. The

original shape is recovered by heating the material above the melting point or

5  glass transition temperature of the soft segment but below the melting point

or glass transition temperature of the hard segment. In another method for
setting a temporary shape, the material is deformed at a temperature lower
than the melting point or glass transition temperature of the soft segment,

resulting in stress and strain being absorbed by the soft segment. When the
10 material is heated above the melting point or glass transition temperature of
the soft segment, but below the melting point (or glass transition
temperature) of the hard segment, the stresses and strains are relieved and the
material returns to its original shape. The recovery of the original shape,
which 1s induced by an increase in temperature, is called the thermal shape
15 memory effect. Properties that describe the shape memory capabilities of a

material are the shape recovery of the original shape and the shape fixity of

the temporary shape.
Several physical properties of SMPs other than the ability to

memorize shape are significantly altered in response to external changes in
20 temperature and stress, particularly at the melting point or glass transition

temperature of the soft segment. These properties include the elastic
modulus, hardness, ilexibility, vapor permeability, damping, index of

refraction, and dielectric constant. The elastic moduhis (the ratio of the

stress 1n a body to the corresponding strain) of an SMP can change by a

25  factor of up to 200 when heated above the melting point or glass transition
temperature of the soft segment. Also, the hardness of the material ‘changes
dramatically when the soft segment is at or above its melting pomt or glass
transition temperature. When the material is heated to a temperature above
the melting point or glass transition temperature of the soft segment the

30 damping ability can be up to five times higher than a conventional rubber
product. The material can readily recover to its or; ginal molded shape

following numerous thermal cycles, and can be heated above the melting
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point of the hard segment and reshaped and cooled to fix a new original

shape.
Preferred SMP or SMP compositions can hold

more than one shape in memory. For example, the composition can inclﬁde
a hard segment and at least two soft segments. The Ty of the hard segment

is at least 10 °C, and pretferably 20 °C, higher than the Tiugs of one of the soft
segments, and the Tiaas Of €ach subsequent soft segment 1s at least 10 °C, and

preferably 20 °C, lower than the Tians of the preceding' soft segment. A

multiblock copolymer with a hard segment with a relatively high Ty and a
soft segment with a relatively 1ow Tins can be mixed or blended with a
second multiblock copolyrﬁer with a hard segment with a relatively 1ow Ty
and the same soft segment as that in the first mmltiblock copolymer. Since
the soft segments in both multiblock copolymers are identical the polymers

are miscible in each other when the soft segments are melted. The resulting
blend has three transition temperatures: one for the first hard segment, one

for the second hard segment, and one for the soft segment. Accordingly

these materials are able to memorize two different shapes.

Articles of manufacture with two or more shapes in memory can be
prepared by forming a polymer composition with a hard segment, a first soft
segment, and a second soft segment, where the first soft segment has a Ty

at least 10 °C below that of the hard segment and at least 10 °C above that of
the second soft segment. After the composition is shaped at a temperature
above the Ty of the hgrd segment, it can be cooled to a temperature below
that of the Ty Of the first soft segment and above that of the second soft
segment and formed into a second shape. The composition can be formed
into a third shape after 1t has been cooled below the Ticans of the second soft
segment.” The composition can be heated above the Tians of the second soft
segment to return the composition to the second shape. The composition can

be heated above the Tians 0f the first soft segment to return the composition

to the first shape. The composition can also be heated above the Ty, Of the

hard segment, at which point the composition loses the memory of the first

and second shapes and can be reshaped using the method described above.
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As used herein, the term “biodegradable” refers to materials that are
bioresorbable and/or degrade and/or break down by mechanical degradation

upon interaction with a physiological environment into components that are
metabolizable or excretable, over a period of time from minutes to three

10 years, preferably less than one year, while maintaining the requisite

structural integrity. As used herein in reference to polymers, the term
“degrade” refer to cleavage of the polyxﬁer chaiﬁ, such that the molecular
weight stays approximately ¢onstant at the oligomer level and particles of
polymer remam following degradation. The term “completely degrade”

15 refers to cleavage of the polymer at the molecular level such that there is
essentially complete mass loss. The term “degrade™ as used herein includes
“completely degrade” unless otherwise indicated. .

A polymer is a shape memory polymer if the original shape.of the
polymer is recovered by heating it above a shape recovering temperature -
20 (defined as the Tians Of a soft segment) even if the original molded shape of
the polymer is destroyed meché{lically at a lower temperature than the shape

recovering temperature, or if the memorized shape is recoverable by

application of another stimulus.

As used herein, the term “segment” refers to a block or sequence of
25  polymer forming part of the shape memory polymer.

Asused herein, the terms hard segment and soft segment are relative

terms, relating to the Tiaas of the segments. The hard segment(s) has a higher
Tians than the soft segment(s).

The shape memory polymers can include at least one hard segment
30 and at least one soft segment, or can include at least one kind of soft segment
wherein. at least one kind of the soft segments are crosslinked, without the

presence of a hard segment.
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The hard segments can be linear oligomers or polymers, and can be
cyclic compounds, such as crown ethers, cyelic di-, tri-, or oIigOpetidés, and
cyclic oligo(es't_er amides).
The physical 1ateraction between hard ségments can be based on

charge transfer complexes, hydrogen bonds, or other interactions, since some
segments have melting temperatures that are higher than the degradation
temperature. In these cases, there 1s no melting or glass transition .

temperature for the segment. A non-thermal mechanism, such as a solvent,
is required to change the segment bonding.

The ratio by weight of the hard segment:soft segments is between
about 5:95 and 95:5, preferably between 20:80 and 80:20.

L Polymer Segments
| The segments préferably are oligomers. As used herein; the term

“oligomer” refers to a linear chain molecule having a molecular weight up to
15,000 Da.

The polymers are selected based on the desired glass transition
temperature(s) (if at least one segment is amorphous) or the melting point(s)

(if at least one .segment 1s crystalline), which in turn is based on the desired

applications, taking into consideration the environment of use. Preferably,

the number average molecular weight of the polymer block is greater than

400, and 1s preferably in the range of between 500 and 15,000.

The transition temperature at which the polymer abruptly becomes
soft and deforms can be controlled by changing the monomer composition
and the kind of monomer, which enables one to adjust the ;:ha.pe memory
effect at a desired temperature. |

The thermal properties of the polymers can be detected, for exaﬁple,
by dynamic mechanical thermoanalysis or differential scanning.caloﬁmetry
(DSC) studies. In additton the melting point can be determined using a

standard melting point apparatus.
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1. Thermoset or thermoplastic polymers.
The polymers can be thermoset or thermoplastic polymers, although
thermoplastic polymers may be preferred due to their ease of molding.

Preferably, the degree of crystallinity of the polymer or polymeric

block(s) is between 3 and 80%, more preferably between 3 and 60%. When
the degree of crystallinity 1s greater than 80% while all soft segments are
amorphous, the resuiting polymer composition has poor shape memory
characteristics.

The tensile modulus of the polymers below the Ty is typically
between 50 MPa and 2 GPa (gigapascals), whereas the tensile modulus of the
polymers above the Tians 18 typically between 1 and 500 MPa. Preferably,

the ratio of elastic modulus above and below the Tt;.,ms 1S 20 or more. The

higher the ratio, the better the shape memory of the resulting polymer

compOsItion.
The polymer segments can be natural or synthetic, although synthetic

polymers are preferred. The polymer segments can be biodegradable or non-
biodegradable, although the resulting SMP composition is biodegradable

biocompatiblé polymers are particularly preferred for medical applications.

In general, these materials degrade by hydrolysis, by exposure to water or
enzymies under physiological conditions, by surface erosion, bulk erosion, or
a combination thereof. Non-biodegradable polymers used for medical

applications preferably do not include aromatic groups, other than those

present in naturally occurring amino acids.

Representative natural polymer segments or polymers include
proteins such as zein, modified zein, casein, gelatin, gluten, serum albumin,

and collagen, and polysaccharides such as alginate, cellnloses, dextrans,
pullulane, and .polyhyaluronio acid, as well as chitin, poly(3-
hydroxyalkanoate)s, especially poly(B-hydroxybutyrate), poly(3-
hydroxyoctanoate) and poly(3-hydroxyfatty acids).
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Representative natural bitodegradable polymer segments or polymers
include polysaccharides such as alginate, dextran, cellulose, collagen, and
chemical derivatives thereof (substitutions, additions of chemical groups, for
example, alkyl, alkylene, hydroxylations, oxidations, and other modifications
routinely made by those skilled in the art), and proteins such as albumin, zein

and copolymers and blends thereof, alone or in combination with synthetic

polymers.

Representative synthetic polymer blocks include polyphosphazenes,
poly(vinyl alcohols), polyamides, polyester amides, poly(amino acid)s,
synthetic poly(amino acids), polyanhydrides, polycarbonates, polyacrylates,
polyalkylenes, polyacrylamides, polyalkylene glycols, polyalkylene oxides,
polyalkylene terephthalates, polyortho esters, polyvinyl ethers, polyvinyl
esters, polyvinyl halides, polyvinylpyrrolidone, polyesters, polylactides,

polyglycolides, polysiloxanes, polyurethanes and copolymers thereof.
Examples of suitable polyacrylates; include poly(methyl
methacrylate), poly(ethyl methacrylate), poly(butyl methacrylate),
poly(isobutyl methacrylate), poly(hexyl methacrylate), polyhs odecyl
methacrylate), poly(lauryl methacrylate), poly(phenyl methacrylate),
poly(methyl acrylate), poly(iso propyl acrylate), poly(isobutyl acrylate) and

poly(octadecyl acrylate).
Synthetically modified natural polymers include cellulose derivatives

such as alkyl celluloses, hydroxyalkyl celluloses, cellulose ethers, cellulose
esters, nitrocelluloses, and chitosan. Examples of suitable cellulose
derivatives include methyl cellulose, ethyl cellulose, hydroxypropyl

cellulose, hydroxypropyl methyl cellulose, hydroxybutyl methyl cellulose,

cellulose acetate, cellulose propionate, cellulose acetate butyrate, cellulose
acetate phthalate, carboxymethyl cellulose, cellulose triacetate and cellulose

sulfate sodium salt. These are collectively referred to herein as “celluloses™.
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Representative synthetic degradable polymer segments or polymers

include polyhydroxy acids, such as polylactides, polyglycolides and
copolymers thereof; poly(ethylene terephthalate); poly(hydroxybutyric acid);

poly(hydroxyvaleric acid); poly[lactide-co-(g-caprolactone)]; poly[glycolide-
co-(e-caprolactone)]; polycarbonates, poly(pseudo amino acids); poly(amino
acids); poly(hydroxyalkanoate)s; polyanhydrides; polyortho esters; and

blends and copolymers thereof.

Examples of non-biodegradable polymer segments or polymers

include ethylene vinyl acetate, poly(meth)acrylic acid, polyamides,

polyethylene, polypropylene, polystyrene, polyvinyl chloride,
polyvinylphenol, and copolymers and mixtures thereof.

Rapidly bioerodible polymers such as poly(lactide-co-glycohide)s,
polyanhydrides, and polyorthoesters, which have carboxylic groups exposed
on the external surface as the smooth surface of the polymer erodes, also can
be used. In addition, polymers containing labile bonds, such as
polyanhydrides and polyesters, are well known for their hydrolytic reactivity.
Their hydrolytic degradation rates can generally be altered by simple
changes in the polymer backbone and their sequence structure.

Various polymers, such as polyacetylene and polypyrrole, are

conducting polymers. These materials are particularly preferred for uses in

which electrical conductance is important. Examples of these uses include

tissue engineering and any biomedical application where cell growth is to be
stimulated. These materials may find.particular utility in the field of

computer science, as they are able to absorb heat without increasing in

temperature better than SMAs. Conducting shape memory polymers are

useful in the field of tissue engineering to stimulate the growth of tissue, for

example, nerve tissue.
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2. Hydrogels.

The polymer may be 1n the form of a hydrogel (typically absorbing
up to about 90% by weight of water), and can optionally be 1onically
crosslinked with multrvalent 1ons or polymers. Ionic crosslinking between
soft segments can be used to hold a structure, wﬁich, when deformed, can be
reformed by breaking the ionic crosslinks between the soft segments. The
polymer may also be in the form of a gel in solvents other than water or:
aqueous solutions. In these polymers, the temporary shape can be fixed by

hydrophilic interactions between soft segments.
Hydrogels can be formed from polyethylene glycol, polyethylene

oxide, polyvinyl alcohol, polyvinyl pyrrolidone, polyacrylates, poly
(ethylene terephthalate), poly(vinyl acetate), and copolymers a;1d blends
thereof. Several polymeric segments, for example, acrylic acid, are |
elastomeric only When the polymer 1s hydrated and hydrogels are formed.
Other polymeric segments, for example, methacrylic acid, are crystallir.xe and
capable of melting evén when the polymers are not hydrated. Either type of

polymeric block can be used, depending on the desired application and

~ conditions of use.
For example, shape memory is observed for acrylic acid copolymers

only in the hydrogel state, because the acrylic acid units are substantially
hydrated and behave like a soft elastomer with a very low glass transition

. temperature. The dry polymers are not shape memory polymers. When dry,
the acrylic acid units behave as a hard plastic even above the glass transition

temperature and show no abrupt change in mechanical properties on heating.
In contrast, copolymers including methyl acrylate polymeric segments as the

soft segments show shape memory properties even when dry.
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3. Polymers Capable of Forming a Gel at Increased
Temperatures.
Certain polymers, for example, poly(ethylene oxide-co-propylene
oxide) (PLURONICS™), are soluble in water at temperatures lower than
5  body temperature and become hydrogels at temperatures higher than body
témperature. Incorporation of these polymers as segments in shape memory
polymers provides them with the ability to response to changes in |
temperature 1n a manner opposite that of typical shape memory polymers.
These materials recover their shape when cooled below their shape recovery
10 temperature, rather than being heated above their shape recovery
temperature. This effect is called inversed thermal shape memory effect.
Shape memory polymer compositions including these polymer segments are
useful in various biomedical applications where the polymer can be inserted
as a liquid, and cooled to recover an intended shape iz situ. The inverse
15 thermal shape memory effect can be obtained by incorporating two different .

segments into a polymer that are miscible at temperatures lower than Tmisc,

but are immiscible at higher temperatures. The phase separation at higher

temperatures stabilizes the temporary shape.

The polymers can be obtained from commercial sources such as
20 Sigma Chemical Co., St. Louis, MO.; Polysciences, Warrenton, PA: Aldrich
Cﬁemical Co., Milwaukee, WI; Fluka, Ronkonkoma, NY; and BioRad,
Richmond, CA. Alternately, the polymers can be synthesized from
monomers obtained from commercial sources, using standard techniques.
II. Assembly of Polvmer Segments :
25 The shape memory polymer include one or more hard segments and

one or more soft segments, wherein at least one of the segments is

biodegradable or at least one of the segments is linked to another segment via

a biodegradable linkage. Representative biodegradable linkages include
ester-, amide-, anhydride-, carbonate-, or orthoester linkages.
30 1. Polymer Structures.
The shape memory eftect is based on the polymer morphology. ‘With
respect to thermoplastic elastomers, the original shape of an object is fixed

by physical crosslinks caused by the hard segment. With respect to
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network bolymers;, the soft segments are covalently crosslinked instead of
having hard segments. The onginal shape 1s set by the crosslinking process.
In contrast to prior art segmented polyurethane SMPs, the seg;nents
of the compositions described herein need not be linear. The segments can

5  be partially grafted or attached in dendremeric side groups.

A. Thermoplasitic and Thermoelastic Polymers
The polymers can be in the form of linear diblock-, triblock-,

tetrablock, or multiblock copolymers, branch or graft polymers,

thermoplastic elastomers, which contain dendritic structures, and blends

10 thereof. Figure 3 illustrates some of the combinations of suitable classes of
thermoplastic materials forming the hard and soft segments. The |
thermGOplastic shape memory polymer composition also can be a blend of one
or more homo- or co-polymer with one or more diblock-, triblock-,
tetrablock, or multiblock copolymers, branch or graft polymers. These types

15 of polymers are well known to those of skill in the art.
As used herein, the term “degradable thermoset” refers to (1)

thermosets SMPs containing only one soft segment, which contains
cleavable bonds, and (ii) thermosets containing more than one soft segment,
wherein at least one soft segment is degradable or wherein the different soft

20 segments are connected by cleavable bonds. There are four different types of

' thermoset polymers that have shape memory capability. These include

polymer networks, semi-interpenetrating networks, interpenetrating

networks, and mixed-interpenetrating networks.

i. Polymer Networks
25 A polymer network is prepared by covalently crosslinking

macromonomers, 1.e., polymers which contain polymerizable endgroups such
as carbon-carbon double bonds. The polymerization process can be induced
by using light or heat sensitive initiators or by.curing with ultraviolet light
(“UV-light”) without an initiator. Shape memory polymer networks are
30  prepared by crosslinking one or more soft segments which correspond to one
or more thermal transtions.
In an embodiment preferred for biomedical applications, the

crosslinking 1s performed using a photocrosslinker and requires no chemical
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inrtiator. The photocrosslinker advantageously eliminates the need for
initiator molecules, which may be toxic. Figure 4 is a diagram of a reaction

sequence for the synthiesis of a preferred photocrosslinker, which produces

an overall yield of about 65%.
5 . [ nierpenetrating Networks

Interpenetrating networks ("IPN") are defined as networks where two

components are crosshinked, but not to each other. The original shape is
determined by the network with the highest crosslink density and the highest
mechanical strength. The material has at least two Tine corresponding to the
10 different soft segments of both networks.
iti. Mixed Interpenetrating Nerwork
A mixed IPN includes at least one physically crosslinked polymer

network (a thermoplastic polymer) and at least one covalently crosslinked

polymer network .. that cannot be separated by any

15 physical methods. The original shape is set by the covalently crosslinked
network. The temporary shapes correspond to the Ty OF the soft segments

and the Ticans Of the hard segment of the thermoplastic elastomer component.
A particularly preferred mixed interpenetrating network is prepared
by polymerizing a reactive macromonomer in the presence of a thermoplastic
20 polymer, for example, by the photopolymerization of carbon-carbon double
bonds. In this embodiment, the ratio by weight of thermoset polymer to
thermoplastic polymer 1s preferably between 5:95 and 95:5, more ﬁreferably,
between 20:80 and 80:20.
rv. Semi-Interpenetrating Networks
25 Semi-nterpenetrating networks (“semi-IPN) are defined as two
independent components, where one component is a crosslinked polymer (a
polymer network) and the other component is a non-crosslinked polymer (a

homopolymer or copolymer), wherein the components cannot be separated

by physical methods. The semi-IPN has at least one thermal transition

30  comresponding to the soft segment(s) and the homo- or co-polymer

components. The crosslinked polymer preferably constitutes between about

10 and 90% by weight of the semi-interpenetrating network composition.
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v. Polymer Blends
In a preferred embodiment, the shape memory polymer compositions
described herein are formed of a biodegradable polymer blend. As used

herein, a “biodegradable polymer blend” is a blend having at least one

5  biodegradable polymer.
The shape memory polymers can exist as physical mixtures of

!

~ thermoplastic polymers. In one embodiment, a shape memory polymer

composition can be prepared by interacting or blending two thermoplastic

polymers. The polymers can be semicrystalline homopolymers,
10  semicrystalline copolymers, thermoplastic elastomers with linear chains,
thermoplastic elastomers with side chains or any kind of dendritic structural

elements, and branched copolymers, and these can be blended in any
combination thereof.
For example, a multiblock copolymer with a hard segment with a

15 relatively high Tians and a soft segment with a relatively low Tiaos can be
mixed or blended with a second multiblock copolymer with a hard segment
with a relatively low Tians and the same soft seément as that 1n the first
multiblock copolymer. The soft segments in both multiblock copolymers are

identical, so the polymers are miscible in each other when the soft segments
20 are melted. There are three transition temperatures in the resulting blend -

that of the first hard segment, that of the second hard segment, and that of the

soft segment. Accordingly, these matenals are able to memorize two
different shapes. The mechanical properties of these polymers can be

adjusted by the changing the weight ratio of the two polymers.

25 Other kinds of blends of at least two multiblock copolymers, in which
at least one of the segments is miscible with at least one of the segments of
the other multiblock copolymers, can be prepared. If two different segments
are miscible and butld one domain together, then the thermal transition of
this domain depends on the weight content of the two segments. The

30  maximum number of memornzed shapes results from the number of thermal

transitions of the blend.

Shape memory blends may have better shape memory capabilities

than the blend components alone. Shape memory blends are composed of at
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least one multiblock copolymer and at least one homo- or copolymer. In

principle di-, tri, tetra-block copolymers can be used instead of a multiblock

copolymer.

Shape memory blends are highly useful in industrial applications,
since a broad range of mechanical, thermal, and shape memory capabilities
can be obtained from only two or three basic polymers by blending them in

different weight ratios. A twin screw extruder is an example of standard

process equipment that could be used to mix the components and process the

blend.

SMP that may be employed preferably in the present invention are biodegradable and
biocom'patible SMP, polymer networks as well as thermoplastics, described above, which

are employed as scaffold for tissue engineering.
“The

shape memory effect can be induced thermally, with near infrared, W,
altrasound or other energy sources. The thermally induced shape memory effect

.. is due to a glass transition or melting point or another thermal effect. Segmented

block copoly(ester-urethane)s (thermopla§tics) can be used as polymers with

physical crosslinks. These copolymers can be used as thermally stimulated
shape memory materials with high strain recovery and high final recovery rate.

The main advantage of using copolymers is their improved processing

conditions as compared with polymers with chemical crosslinks. As only
physical crosslinks are introduced, all conventional processing techniques for

thermoplastics can be used, and the matenals become easily reusable in the case
of non-degradable applications. The results indicate that the high crystallinity of
these copolymers at room temperature and the formation of stable physical
crosslinks are the two prerequisites for these polymers to exhibit a shape

memory effect. The successful use of block and graft copolymers is indicative of

using other polymers of various structure and properties as shape memory

maternals.
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Thermoset materials with much better mechanical properties e.g.
interpenetrating and semi-interpenetrating networks using the same monomers

for the macrodiols synthesis but other multifunctional coupling agents e.g.

methacrylates can therefore be used and are preferred.

The multiblockcopoly(ester-urethane)s as well as the networks may comprise
of coupled cooligomers of e-caprolactone, L, L-Dilactide , D,L-Dilactide,

diglycolide and para-dioxanone. The coupling will be carried out using 2,2(4),4-
Trimethylhexane-diisocyanate in the case of the thermoplastics and using
polymerizable methacrylate groups in the case of the thermosets. Synthesis is
typically carried out in two steps. In the first step macrodiols with different

thermal characteristics are synthesized via ring opening polymerization (ROP)

of the cyclic esters and purified. Copolymerization qf L-lactic acid with glycolic

acid using a tin catalyst for transesterification and ethylene.glycol as initiator in
a bulk reaction leads to an amorphous soft segment with through the
dilactide/diglycolide ratio controlled T, The oligomerization degree could be
tailored using the monomer/initiator-ratio. As the transesterification catalyst
dibutyl-tinoxide is the only catalyst with ¥DA approval for the use in food
sector, the remaining catalyst has to be removed i)y any of several well-known
purification methods. A different approach is the synthesis without a
transesterification catalyst which leads to a strong enhancement of the reaction
times. The materials are synthesized on medical grade standards, which means
that they are ultra-pure for the use in functional tissue engineering.

To gain multiblockstructures from the synthesized macrodiols, a

coupling method must be used. There are several techniques possible from

functionalization with a polymerizable end group to direct coupling with a

difunctional compound. Coupling of the different segments is e.g. carried out
using 2,2(4),4-Tﬁmethy1—hexane-diisocyanate. The synthesis is finished when
all isocyanate groups have vanished 1n the IR-spectrum. It is‘ here very important
to use a coupling compound which didn’t add an"additional crystalline domain

to the rather complex multiblock system. The phase separation of the system
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could be investigated using DSC and AFM. In the case of the thermoset
materials the synthesized macrodiols are functionalised using a polymerizable
end group as the methacrylate group. The material is melted in the wished form
and then cured using e.g. UV light. The shape memory transition. temperature

can be tailored through different monomer ratios.

The materials are biocompatible as the first preliminary results with an
- CAM test show. The materials are biodegradable through the labile ester
bonds. The degradation occurs through hydrolytic scission of the bonds and is
therefore mostly independent from the implantation site. The degradation
kinetics will be tailored .using different monomer ratios. Degradation leads to the
. formation of e.g. lactic of glycolic acid. Degradation of these materials is not a
bulk process and will therefore not lead to strong concentrations of glycolic or

lactic acid as could be seen by materials with bulk degradation.

One prerequisite for biomedical products is the sterilizability. Several

. techniques are available for stenilization of medical products as hot sterilization
(damp or dry hot air), cold sterilization (ethylene oxide, formaldehyde or
ionizing radiation) and aqueous solutign sterilizétion. In the field of sterilization
of biodegradable thermoplastics a lot of different techniques are used up to now.
They were such as plasma sterilization as well as treatment with ethylene oxide
at 50 °C. The use of plasma sterilization is really an interesting idea for the
modification of the surface of such materials but not for sterilization of
polymers, due to the induced reactions on the surface. Therefore any observed
differences in the materials charactenistics are difficult to trace back. The same
problem exists with the ethylene oxide method at 50 °C. Due to the softening of
the implant, ethylene oxide 1s incorporated into the implant. After the decrease
of temperature and ethylene oxide pressure, there is only 2 slow release of the

gas from the material. Toxic reactions of the seeded cells could occur due to the

ethylene oxide which 1s slowly released or the characteristics of the SM

material.

The materials are synthesized using medical grade standards and are -

therefore ultra pure for the use i functional tissue engineering. The mechanical

properties of the used shape memory system can be tailored in a rather wide

range using different macrodiols compositions.
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Macrostructures:

Synthetic segmented blockcopoly(ester-urethane)s with thermal shape
memory characteristics can be manufactured as woven or non-woven fibres,
porous foams or films, membranes, hollow fibers, mono- or multifilaments as
well as shape memory thermoset materials processed as thin films or beads.

Processing will be carried out in mono- or multifilament fibres and the

formation of 3-dimensional or 2-dimensional structures through different
techniques (wovens, non-wovens), formation of films through different
techniques such as spin-casting and the formation of 3-dimensional porous

structures through salt-leaching, thermally induced phase separation, double

emulsion technique or gas foaming processes.
\

The different macroscopic forms could be combined in more
sophisticated devices.
Programming of the shape memory effect means the creation of a permanent
structure of the device through heating in a form above the transition
temperature of the upper domains and out-balancing of the system. The
temporary structure is fixed through heating above the transition temperature of
the lower domains, fixation of the temporary structure and quenching. The .
programming of the shape memory effect will be explained on an eka.mple of an
expandable foam. The foam 1s processed with controlled pore sizes and pore
size distribution and is in 1ts equilibrium. The system is heated up over the
transition temperature of the soft segment, compressed and quenched.

These materials can be combined with one or more bioactive substances

and cells.

Biloactive substances:

Representative bioactive substances include growth factors, adhesion

proteins, angiogenic factors as well as other compounds.

Growth factors: Epidermal Growth Factor (EGF), Fibroblast Growth Factors
(FGF's), Hepatocyte Growth Factor (HGF), Insulin-Like Growth Factor-1 (IGF-
1), Insulin-Like Growth Factor-2 (IGF-2), Keratinocyte Growth Factor (KGF),
Nerve Growth Factor (NGF), Platelet-Derived Growth Factor (PDGF),
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Transforming Growth Factor-a (TGF-or), Transforming Growth Factors-
(TGFs-B), Vascular Endothelial Growth Factor (VEGF), recombinant human

Growth Hormone (rhGH), angiogenic and anti-angiogenic factors (see, for

e;{ample, US Patent 6,024,688 (angiogenic factors) Folkman, JM.; O’Reilly,
5 - M.S.; Cao, Y).
Adhesion proteins: RGD, RGDS, GRGDS, cyclic RGD peptides, PHSRN,
KQAGDV, LDV, IDAPS, REDV, DGEA, KRLDGS, YIGSR, IKAKY,
SIKVAV, CDPGYIGSR-NH2, polylysine, polyornithine, KRSR,
RKKRRQRRR, RQK and RNR, VAPG, VGVAPG (Amino acid single letter
10  code). |

Preferred bioactive substances are given below:
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chains form 3 distinct
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promotes proliferation of
connecfive tissue, glial and

endothelial  cells,
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may be important for normal | related to EGF

.. ... LJ -'....‘ .’ . 4 & » .. ... : .. e
T T n DT s SRR

o R e b AL S transfi d cell w i

Bact<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>