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FIG. 4 
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FIG. 9A 
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FIG. 9C 
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POROUS TISSUE SCAFFOLDINGS FOR THE 
REPAIR OR REGENERATION OF TISSUE 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to the ?eld 
of tissue repair and regeneration. More particularly the 
present invention relates to porous biocompatible bioabsorb 
able foams that have a gradient in composition and/or 
microstructure that serve as a template for tissue regenera 
tion, repair or augmentation. 

BACKGROUND OF THE INVENTION 

[0002] Open cell porous biocompatible foams have been 
recognized to have signi?cant potential for use in the repair 
and regeneration of tissue. Early efforts in tissue repair 
focused on the use of amorphous biocompatible foam as 
porous plugs to ?ll voids in bone. Brekke, et al. (US. Pat. 
No. 4,186,448) described the use of porous mesh plugs 
composed of polyhydroXy acid polymers such as polylactide 
for healing bone voids. Several attempts have been made in 
the recent past to make TE scaffolds using different methods, 
for example US. Pat. No. 5,522,895 (Mikos) and 5,514,378 
(Mikos, et al.) using leachables; US. Pat. No. 5,755,792 
(Brekke) and US. Pat. No. 5,133,755 (Brekke) using 
vacuum foaming techniques; US. Pat. No. 5,716,413 
(Walter, et al.) and US. Pat. No. 5,607,474 (Athanasiou, et 
al.) using precipitated polymer gel masses; US. Pat. No. 
5,686,091 (Leong, et al.) and US. Pat. No. 5,677,355 
(Shalaby, et al.) using polymer melts With fugitive com 
pounds that sublimate at temperatures greater than room 
temperature; and US. Pat. No. 5,770,193 (Vacanti, et al.) 
US. Pat. No. 5,769,899 (SchWartZ, et al.) and US. Pat. No. 
5,711,960 (Shikinami) using teXtile-based ?brous scaffolds. 
Hinsch et al. (EPA 274,898) described a porous open cell 
foam of polyhydroXy acids With pore siZes from about 10 to 
about 200 pm for the in-groWth of blood vessels and cells. 
The foam described by Hincsh could also be reinforced With 
?bers, yarns, braids, knitted fabrics, scrims and the like. 
Hincsh’s Work also described the use of a variety of poly 
hydroXy acid polymers and copolymers such as poly-L 
lactide, poly-DL-lactide, polyglycolide, and polydioXanone. 
The Hincsh foams had the advantage of having regular pore 
siZes and shapes that could be controlled by the processing 
conditions, solvents selected, and the additives. 

[0003] HoWever, the above techniques have limitations in 
producing a scaffold With a gradient structure. Most of the 
scaffolds are isotropic in form and function and lack the 
anisotropic features of natural tissues. 

[0004] Further, it is the limitation of prior art to make 3D 
scaffolds that have the ability to control the spatial distri 
bution of various pore shapes. The process that is described 
to fabricate the microstructure controlled foams is a loW 
temperature process that offers many advantages over other 
conventional techniques. For eXample the process alloWs the 
incorporation of thermally sensitive compounds like pro 
teins, drugs and other additives With the thermally and 
hydrolytically unstable absorbable polymers. 

[0005] Athanasiou et al. (US. Pat. No. 5,607,474) have 
more recently proposed using a tWo layer foam device for 
repairing osteochondral defects at a location Where tWo 
dissimilar types of tissue are present. The Athanasiou device 
is composed of a ?rst and second layer, prepared in part 
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separately, and joined together at a subsequent step. Each of 
the scaffold layers is designed to have stiffness and com 
pressibility corresponding to the respective cartilage and 
bone tissue. Since cartilage and bone often form adjacent 
layers in the body this approach is an attempt to more clearly 
mimic the structure of the human body. HoWever, the 
interface betWeen the cartilage and bone in the human body 
is not a discrete junction of tWo dissimilar materials With an 
abrupt change in anatomical features and/or the mechanical 
properties. The cartilage cells have distinctly different cell 
morphology and orientation depending on the location of the 
cartilage cell in relation to the underlying bone structure. 
The difference in cartilage cell morphology and orientation 
provides a continuous transition from the outer surface of 
the cartilage to the underlying bone cartilage interface. Thus 
the tWo layer system of Athanasiou, although an incremental 
improvement, does not mimic the tissue interfaces present in 
the human body. 

[0006] Another approach to make three-dimensional lami 
nated foams is proposed by Mikos et al. (US. Pat. No. 
5,514,378). In this technique Which is quite cumbersome, a 
porous membrane is ?rst prepared by drying a polymer 
solution containing leachable salt crystals. A three-dimen 
sional structure is then obtained by laminating several 
membranes together, Which are cut to a contour draWing of 
the desired shape. 

[0007] One of the major Weaknesses of the prior art 
regarding three-dimensional porous scaffolds used for the 
regeneration of biological tissue like cartilage is that their 
microstructure is random. These scaffolds, unlike natural 
tissue, do not vary in morphology or structure. Further, 
current scaffolds do not provide adequate nutrient and ?uid 
transport for many applications. Finally, the laminated struc 
tures are not completely integrated and subjected to delami 
nation under in vivo conditions. 

[0008] Therefore, it is an object of the present invention to 
provide a biocompatible, bioabsorbable foam that provides 
a continuous transitional gradient of morphological, struc 
tural and/or materials. Further, it is preferred that foams used 
in tissue engineering have a structure that provides organi 
Zation at the microstructure level that provides a template 
that facilitates cellular invasion, proliferation and differen 
tiation that Will ultimately result in regeneration of func 
tional tissue. 

SUMMARY OF INVENTION 

[0009] The present invention provides a biocompatible 
gradient foam that has a substantially continuous transition 
in at least one characteristic selected from the group con 
sisting of composition, stiffness, ?exibility, bioabsorption 
rate pore architecture and/or microstructure. This gradient 
foam can be made from a blend of absorbable polymers that 
form compositional gradient transitions from one polymeric 
material to a second polymeric material. In situations Where 
a single chemical composition is suf?cient for the applica 
tion, the invention provides a biocompatible foam that may 
have microstructural variations in the structure across one or 
more dimensions that may mimic the anatomical features of 
the tissue (e.g. cartilage, skin, bone etc.). 

[0010] The present invention further provides biocompat 
ible foam having interconnecting pores and channels to 
facilitate the transport of nutrients and/or invasion of cells 
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into the scaffold. These biocompatible foams are especially 
Well adapted for facilitating the ingroWth of tissue as is 
described in Example 7. 

[0011] In yet another embodiment of the present invention 
biocompatible foams having interconnecting pores formed 
from a composition containing in the range of from about 30 
Weight percent to about 99 Weight e-caprolactone repeating 
units are disclosed. These biocompatible foams are espe 
cially Well adapted for facilitating the groWth of osteoblasts 
as is described in Example 6. 

[0012] The present invention also provides a method for 
the repair or regeneration of tissue contacting a ?rst tissue 
With a gradient foam at a location on the foam that has 
appropriate properties to facilitate the groWth of said tissue. 
The concept of a continuous transition in physical proper 
ties, chemical composition and/or microstructural features in 
the porous scaffold (foam) can facilitate the groWth or 
regeneration of tissue. These foam structures are particularly 
useful for the generation of tissue junctions betWeen tWo or 
more different types of tissues. For a multi-cellular system 
in the simplest case, one cell type could be present on one 
side of the scaffold and a second cell type on the other side 
of the scaffold. Examples of such regeneration can be (a) 
skin: With ?broblasts on one side to regenerate dermis, and 
keratinocytes on the other to regenerate epidermis; (b) 
vascular grafts: With an endothelial layer on the inside of the 
graft and a smooth muscle cell layer on the outside. 

BRIEF DESCRIPTION OF FIGURES 

[0013] FIG. 1 is a scanning electron micrograph of the 
cross section of a random microstructure foam made from 
5% solution of 35/65 e-caprolactone-co-glycolide copoly 
mer. 

[0014] FIG. 2 is a scanning electron micrograph of the 
cross section of a foam With vertical open channels made 
from 10% solution of 35/65 e-caprolactone-co-glycolide 
copolymer. 
[0015] FIG. 3 is a scanning electron micrograph of the 
cross section of a foam With architectural gradient made 
from 10% solution of 35/65 e-caprolactone-co-glycolide 
copolymer. 
[0016] FIG. 4 is a scanning electron micrograph of the 
cross section of a gradient foam made from a 50/50 blend of 
40/60 e-caprolactone-co-(L) lactide copolymer and 35/65 
e-caprolactone-co-glycolide copolymer. 
[0017] FIG. 5 is a scanning electron micrograph of a cross 
section of the top portion of a gradient foam made from a 
50/50 blend of 40/60 e-caprolactone-co-(L) lactide copoly 
mer and 35/65 e-caprolactone-co-glycolide copolymer. 

[0018] FIG. 6 is a scanning electron micrograph of a cross 
section of the bottom portion of a gradient foam made from 
a 50/50 blend of 40/60 e-caprolactone-co-(L) lactide 1.5 
copolymer and 35/65 e-caprolactone-co-glycolide copoly 
mer. 

[0019] FIG. 7 is a graphical presentation of cell culture 
data, 7A, 7B and 7C. 

[0020] FIG. 8 is an anatomical sketch of cartilage tissue. 

[0021] FIGS. 9A, 9B, and 9C are scanning electron 
micrographs of a 0.5 mm foam made from a 50/50 blend of 
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a 35/65 e-caprolactone-co-glycolide copolymer and a 40/60 
e-caprolactone-co-(L) lactide copolymer With architecture 
suitable for use as a skin scaffold. 

[0022] FIG. 9A shoWs the porosity of the surface of the 
scaffold that preferably Would face the Wound bed. 

[0023] FIG. 9B shoWs the porosity of the surface of the 
scaffolding that Would preferably face aWay from the Wound 
bed. 

[0024] FIG. 9C shoWs a cross section of the scaffold With 
channels running through the thickness of the foam. 

[0025] FIG. 10 is a dark ?eld 40>< photomicrograph of a 
trichrome stained sample illustrating the cellular invasion of 
the foam shoWn in FIG. 9, eight days after implantation in 
a swim model. 

[0026] FIG. 11 is a 100>< composite photomicrograph of a 
trichrome stained sample illustrating the cellular invasion of 
the foam shoWn in FIG. 9 Which also contained PDGF, eight 
days after implantation in a swim model. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0027] This invention describes porous bioabsorbable 
polymer foams that have novel microstructures. The features 
of such foams can be controlled to suit a desired application 
by choosing the appropriate conditions to form the foam 
during lyophiliZation. These features in absorbable polymers 
have distinct advantages over the prior art Where the scaf 
folds are typically isotropic or random structures. HoWever, 
it is preferred that foams used in tissue engineering (i.e. 
repair or regeneration) have a structure that provides orga 
niZation at the microstructural level that provides a template 
that facilitates cellular organiZation and regeneration of 
tissue that has the anatomical, biomechanical, and biochemi 
cal features of normal tissues. These foams can be used to 
repair or regenerate tissue (including organs) in animals 
such as domestic animals, primates and humans. 

[0028] The features of such foams can be controlled to suit 
desired application by selecting the appropriate conditions 
for lyophiliZation to obtain one or more of the folloWing 
properties: (1) interconnecting pores of siZes ranging from 
about 10 to about 200 pm (or greater) that provide pathWays 
for cellular ingroWth and nutrient diffusion; (2) a variety of 
porosities ranging from about 20% to about 98% and 
preferably ranging from about 80% to about 95%; (3) 
gradient in the pore siZe across one direction for preferential 
cell culturing; (4) channels that run through the foam for 
improved cell invasion, vasculariZation and nutrient diffu 
sion; (5) micro-patterning of pores on the surface for cellular 
organiZation; (6) tailorability of pore shape and/or orienta 
tion (e.g. substantially spherical, ellipsoidal, columnar); (7) 
anisotropic mechanical properties; (8) composite foams With 
a polymer composition gradient to elicit or take advantage of 
different cell response to different materials; (9) blends of 
different polymer compositions to create structures that have 
portions that Will break doWn at different rates; (10) foams 
co-lyophiliZed or coated With pharmaceutically active com 
pounds including but not limited to biological factors such 
as RGD’s, groWth factors (PDGF, TGF-B, VEGF, BMP, FGF 
etc.) and the like; (11) ability to make 3 dimensional shapes 
and devices With preferred microstructures; and (12) lyo 
philiZation With other parts or medical devices to provide a 
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composite structure. These controlled features in absorbable 
polymers have distinct advantages over the prior art Where 
the scaffolds are typically isotropic or random structures 
With no preferred morphology at the pore level. HoWever, it 
is preferred that foams used in tissue scaffolds have a 
structure that provides organization at the microstructure 
level and provides a template that facilitates cellular orga 
niZation that may mimic natural tissue. The cells Will adhere, 
proliferate and differentiate along and through the contours 
of the structure. This Wilt ultimately result in a cultured 
tissue that may mimic the anatomical features of real tissues 
to a large extent. 

[0029] For example, as shoWn in FIG. 3 the orientation of 
the major axis of the pores may be changed from being in the 
same plane as the foam to being oriented perpendicular to 
the plane of the foam. As can be seen from FIG. 3 the pore 
siZe can be varied from a small pore siZe generally betWeen 
about 30 pm and about 50 pm to a larger siZe of from about 
100 pm to about 200 pm in porous gradient foams. Ideally 
the foam structure could be created to facilitate the repair or 
regeneration of human tissue junctions such as the cartilage 
to bone junction present in joints. This foam Would progress 
from a small (i.e. about 30 pm to about 150 pm in diameter) 
round pores to larger column-like pores (i.e. about 30 pm to 
about 400 pm in diameter, preferably about 100 pm to about 
400 pm in diameter, in most cases With a length to diameter 
ratio of at least 2). Foams With channels are illustrated in 
FIG. 2 and FIG. 3. The channels formed by this process 
generally begin on one surface of the foam and may traverse 
the thickness of the foam. The channel’s length is generally 
at least tWo times the average pore diameter and preferably 
are at least four times the average pore diameter and most 
preferably at least eight times the average pore diameter. 
Channels for most applications Will be at least 200 microns 
in length and may extend through the thickness of the foam. 
The diameter of the channel Will be at least one time the siZe 
of the average pore diameter and preferably at least 2 to 3 
times the average pore diameter. The channel siZe and 
diameter of course Will be selected based on the desired 
functionality of the channel such as cellular invasion, nutri 
ent diffusion or as an avenue for vasculariZation. 

[0030] There are a number of biological tissues that dem 
onstrate gradient architectures. Examples of tissues Where a 
gradient scaffold could be used, include, but are not limited 
to: bone, spine disc, articular cartilage, meniscus, ?brocar 
tilage, tendons, ligaments, dura, skin, vascular grafts, 
nerves, liver, and pancreas. The examples beloW only high 
light a feW tissues Where gradient scaffolds could be used. 
The design of tissue engineered scaffolds to facilitate devel 
opment of these organ structures Would bene?t greatly from 
the ability to process or create a gradient architecture in the 
scaffold. 

[0031] Cartilage 
[0032] Articular cartilage covers the ends of all bones that 
form articulating joints in humans and animals. The cartilage 
acts in the joint as a mechanism for force distribution and as 
a bearing surface betWeen different bones. Without articular 
cartilage, stress concentration and friction Would occur to 
the degree that the joint Would not permit ease of motion. 
Loss of the articular cartilage usually leads to painful 
arthritis and decreased joint motion. A schematic shoWing 
the morphological features of a healthy cartilage is shoWn in 
FIG. 8. 

Oct. 25, 2001 

[0033] Articular cartilage is an excellent example of a 
naturally occurring gradient structure. Articular cartilage is 
composed of four different Zones that include the super?cial 
or tangential Zone Within the ?rst 10-20% of the structure 
(this includes the articular surface), the middle Zone Which 
is 40-60% of the middle structure, and the deep Zone that is 
adjacent to the tide mark, and a transition Zone betWeen the 
bone and cartilage that is composed of calci?ed cartilage. 
Subchondral bone is located adjacent to the tide mark and 
this transitions into cancellous bone. In the super?cial or 
tangential Zone, the collagen ?brils are parallel to the 
surface. The ?bers are oriented to resist shear forces gener 
ated during normal joint articulation. The middle Zone has a 
randomly arranged organiZation of much larger diameter 
collagen ?bers. Finally, in the deep Zone there are larger 
collagen ?ber bundles, Which are perpendicular to the sur 
face, and they insert into the calci?ed cartilage. The cells are 
speroidiol and tend to arrange themselves in a columnar 
manner. The calci?ed cartilage Zone has smaller cells With 
relatively little cytoplasm. 

[0034] Apreferred embodiment of this invention Would be 
to generate a gradient foam structure that could act as a 
template for multiple distinct Zones. These foam structures 
could be fabricated in a variety of shapes to regenerate or 
repair osteochondrial defects and cartilage. One potential 
foam structure Would be cylindrical in shape With an 
approximate dimensions of 10 mm in diameter and 10 mm 
in depth. The top surface is Would be approximately 1 mm 
thick and Would be a loW porosity layer to control the ?uid 
permeability. By adopting a suitable processing method the 
surface porosity of the foam could be controlled. The 
porosity of this skin like surface can be varied from com 
pletely impervious to completely porous. Fluid permeability 
Would be controlled by surface porosity. BeloW such a skin 
the structure Would consist of three Zones. An upper porous 
Zone Which lies adjacent to cartilage tissue, a loWer porous 
Zone Which lies adjacent to bone tissue, and a transition Zone 
betWeen the upper and is loWer porous Zones. For articular 
cartilage, it is currently preferred that the stiffness (modulus) 
of the upper and loWer porous layers at the time of implan 
tation be at least as stiff, as the corresponding adjacent 
tissue. In such a case the porous layers Will be able to 
support the environmental loading and thereby protect the 
invading cells until they have differentiated and consolidated 
into tissue that is capable of sustaining load. For example the 
porous structure used for the super?cial tangential Zone 
could have elongated pores and the orientation of the 
structure could be parallel to the surface of the host cartilage. 
HoWever, the deep Zone may have a porosity of about 80 to 
about 95% With pores that are of the order of 100 pm (about 
80 pm to about 120 pm). It is expected that chondrocytes 
Will invade this Zone. BeloW this, Would be a Zone With 
larger pores (about 100 pm to about 200 pm) and a porosity 
in the range of about 50 to about 80%. Such 100 pm to about 
200 pm porous foam Would have a structure such that the 
struts or Walls of the pores are larger and vertical to the load, 
similar to the naturally occurring structure and to bear the 
loads. Finally, at the bottom of this structure there is a need 
for larger pores (about 150 pm to about 300 pm) With higher 
stiffness to be structurally compatible With cancellous bone. 
The foam in this section could be reinforced With ceramic 
particles or ?bers made up of calcium phosphates and the 
like. 
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[0035] Recent data generated in our laboratories support 
the hypothesis that cell invasion can be controlled by pore 
siZe. In these studies, a scaffold made of 95/5 mole percent 
poly (L) lactide-co-e-caprolactone) With an approximate 
pore siZe of about 80 pm had chondrocyte invasion of about 
30 cells/mm2 of the scaffold (under static conditions). Scaf 
folds made of 40/60 mole percent poly(e-caprolactone-co 
(L) lactide) With a larger approximate pore siZe of about 100 
pm had a statistically signi?cantly greater cellular invasion 
of cells/mm2 (under static conditions). In both cases the cells 
Were bovine chondrocytes. A very simple gradient structure 
With a variation of pore siZed from about 80 pm to about 150 
pm Would provide a structure Where chondrocytes Would 
more easily invade the area With larger pores. The area With 
smaller pores Would be void of chondrocytes or Would be 
?lled With a second cell types (e.g., ?broblasts). 

[0036] In a compositionally gradient foam a blend of tWo 
or more elastomeric copolymers or in combination With high 
modulus semi-crystalline polymers along With additives 
such as groWth factors or particulates can be chosen such 
that ?rst a desired pore gradient is developed With a pre 
ferred spatial organiZation of the additives. Then using a 
variety of the approaches referred to in the preferred meth 
ods of making gradient foams, a compositional gradient can 
be superimposed primarily due to the differences in the 
polymer-solvent phase separation behavior of each system. 
Such a gradient foam structure Would elicit a favorable 
response to chondrocytes or osteoblasts depending on the 
spatial location. 

[0037] Further, the purpose of a functional gradient is to 
more evenly distribute the stresses across a region through 
Which mechanical and/or physical properties are varying and 
thereby alleviate the stress concentrating effects of a sudden 
interface. This more closely resembles the actual biological 
tissues and structures, Where structural transitions betWeen 
differing tissues such as cartilage and bone are gradual. 
Therefore, it is an object of the present invention to provide 
an implant With a functional gradient betWeen material 
phases. The present invention provides a multi-phasic func 
tionally graded bioabsorbable implant With attachment 
means for use in surgical repair of osteochondral defects or 
sites of osteoarthritis. Several patents have proposed sys 
tems for repairing cartilage that could be used With the 
present inventive porous scaffolds. For example, US. Pat. 
No. 5,769,899 describes a device for repairing cartilage 
defects and US. Pat. No. 5,713,374 describes securing 
cartilage repair devices With bone anchors (both hereby 
incorporated herein by reference). 

[0038] Bone 

[0039] Gradient structures naturally occur for the bone/ 
cartilage interface. In a study in our laboratories, We have 
demonstrated that material differences signi?cantly in?u 
ence cell function. In initial and long-term response of 
primary osteoblasts to polymer ?lms (95/5 L-lactide-co 
glycolide copolymer, 90/10 glycolide-co-(L) lactide copoly 
mer, 95/5 L-lactide-co-e-caprolactone copolymer, 75/25 
glycolide-co-(L) lactide copolymer and 40/60 e-caprolac 
tone-co-(L) lactide copolymer and knitted meshes (95/5 (L) 
lactide-co-glycolide and 90/10 glycolide-co-(L) lactide 
copolymers) Were evaluated in vitro. The results demon 
strated that osteoblasts attached and proliferated Well on all 
the biodegradable polymer ?lms and meshes folloWing 
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6-day incubation. None of the tested polymer ?lms, except 
a 40/60 e-caprolactone-co-(L) lactide copolymer ?lm, dem 
onstrated signi?cant enhancement in differentiation of pri 
mary rat osteoblasts as compared to tissue culture polysty 
rene (control). Films made of 40/60 e-caprolactone-co-(L) 
lactide promoted enhanced differentiation of cultured osteo 
blasts as demonstrated by increased alkaline phosphatase 
activity and osteoclacin mRNA expression as compared to 
the other ?lms and TCPS. Hence, it is clear that different 
absorbable materials Will signi?cantly alter cell function and 
differentiation. By identifying the optimal materials for cell 
groWth and differentiation a composite materials With a 
gradient composition could be utiliZed to optimiZe tissue 
regeneration With different cell types in the same scaffold. 

[0040] Therefore, for bone repair or regeneration devices 
or scaffoldings, a device made from a homopolymer, copoly 
mer (random, block, segmented block, tappered blocks, 
graft, triblock, etc.) having a linear, branched or star struc 
ture containing e-caprolactone is especially preferred. Cur 
rently preferred are aliphatic polyester copolymers contain 
ing in the range of from about 30 Weight percent to about 99 
Weight percent e-caprolactone. Suitable repeating units that 
may be copolymeriZed With e-caprolactone are Well knoWn 
in the art. Suitable comonomers that may be copolymeriZed 
With e-caprolactone include, but are not limited to lactic 
acid, lactide (including L-, D-, meso and D,L mixtures), 
glycolic acid, glycolide, p-dioxanone (1,4-dioxan-2-one), 
trimethylene carbonate (1,3-dioxan-2-one), o-valerolactone, 
[3-butyrolactone, e-decalactone, 2,5-diketomorpholine, piv 
alolactone, (x,(x-diethylpropiolactone, ethylene carbonate, 
ethylene oxalate, 3-methyl-1,4-dioxane-2,5-dione, 3,3-di 
ethyl-1,4-dioxan-2,5-dione, y-butyrolactone, 1,4-dioxepan 
2-one, 1,5-dioxepan-2-one, 6,6-dimethyl-dioxepan-2-one, 
6,8-dioxabicycloctane-7-one and combinations thereof. 

[0041] Preferred medical devices or tissue scaffoldings for 
bone tissue repair and/or regeneration containing bioabsorb 
able polymers made from e-caprolactone include but are not 
limited to the porous foam scaffoldings (such as described in 
this application), ?brous three dimensional, spun, non 
Woven, Woven, knitted, or braided tissue scaffoldings, com 
posite containing reinforcing ?bers, matrices and combina 
tions thereof. 

[0042] Skin 

[0043] Another example of a tissue that has a gradient 
structure is skin. The basic structure of skin has tWo distinct, 
but Well integrated layers Where the thickness of each layer 
varies at different locations of the body. The outer layer or 
epidermis, is avascular and mainly consists of keratinocytes 
With smaller numbers of immune cells (Langerhan cells) and 
pigmented cells (melanocytes). The keratinocytes produce 
keratin ?bers and corneocyte envelopes, Which gives the 
epidermis its durability and protective capabilities. The 
development of these structures is completely dependent 
upon the differentiation state of the epidermis. The epider 
mis forms a strati?ed epithelium, With different protein 
expression patterns, as the cells move further aWay from the 
basement membrane. This strati?ed layer of differentially 
expressing cells must be formed for maintenance of epider 
mal function. BeloW the epidermis is the dermis, Which is a 
dense irregular connective tissue that is highly vascular. This 
layer is heavily populated With collageneic and elastic ?bers, 
Which give it its exceptional elasticity add strength. Fibro 
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blasts are the main cell types in this layer. Between these tWo 
layers is the basement membrane, Which serves as the site of 
attachment for epidermal cells and serves also to regulate 
their function and differentiation. The layer of keratinocytes, 
Which attaches directly to the basement membrane, are 
cuboidal in shape and highly aligned. This attachment and 
architecture are critical requirements driving the ultimate 
production of the higher squamous structures in the epider 
mis. The basal layer provides a source of precursor cells for 
repair and replacement of the epidermis. The squamous 
layers provide strength and resistance to insult and infection. 

[0044] Any material used for replacement of skin must be 
able to entice invasion of ?broblasts or other cells it neces 
sary to produce the dermal components of the healed tissue. 
Additionally, the material must not inhibit, and preferably 
should enhance, the rate of re-epithelialiZation in such a 
fashion that a discreet, epidermal basal layer is formed. 
Materials that permit invasion into the scaffold by migrating 
keratinocytes can produce partially differentiated cells. Con 
sequently, control of access of particular cell types and a 
porous design that facilitates the regeneration of the natural 
tissue can have functional bene?ts. NoW refer to FIGS. 9A, 
9B and 9C Which illustrates the microstructure of this foam 
scaffold. FIGS. 10 (100>< magni?cation) and 11 (40x mag 
ni?cation composite picture) provide photomicrographic 
evidence of the invasion of ?broblasts, macrophages, mac 
rophage giant cells and endothelial-like cells into the a 0.5 
mm foam. The foam tissue scaffolding 101 shoWn in both 
pictures Was a 50:50 blend of e-caprolactone-co-glycolide 
copolymer and e-caprolactone-co-lactide copolymer (made 
as described in Example 7). The pictures Were taken at 8 
days after implantation in 1.5 cm><1.5 cm><0.2 cm eXcisional 
Wound model in a Yorkshire pig model. Complete incorpo 
ration of the matriX into the granulation tissue bed is evident 
in both pictures. The dense ?brous tissue above the foam 
tissue scaffolding appears to provide a suitable substrate for 
the over groWth of epidermis. PDGF Was incorporated into 
the foam tissue scaffolding shoWn in FIG. 11. In compro 
mised Wound healing models the addition of a groWth factor 
such as PDGF may in fact be necessary. 

[0045] From our initial studies it appears that it is desir 
able to use as a skin scaffold a foam tissue scaffold having 
a thickness of from about 150 pm to about 3 mm, preferably 
the thickness of the foam may be in the range of from about 
300 pm to about 1500 pm and most preferably about 500 to 
about 1000 pm. Clearly different skin injuries (i.e. diabetic 
ulcers, venous stasis ulcers, decubitis ulcers, burns etc.) may 
require different foam thickness. Additionally, the patient’s 
condition may necessitate the incorporation of groWth fac 
tors, antibiotics and antifungal compounds to facilitate 
Wound healing. 

[0046] Vascular Grafts 

[0047] The creation of tubular structures With gradients 
may also be of interest. In vascular grafts, having a tube With 
pores in the outer diameter Which transitions to smaller 
pores on the inner surface or visa versa may be useful in the 
culturing of endothelial cells and smooth muscle cells for the 
tissue culturing of vessels. 

[0048] Multilayered tubular structures alloW the regenera 
tion of tissue that mimics the mechanical and/or biological 
characteristics of blood vessels Will have utility as a vascular 
grafts. Concentric layers, made from different compositions 
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under different processing conditions could have tailored 
mechanical properties, bioabsorption properties, and tissue 
ingroWth rates. The inner most, or luminal layer Would be 
optimiZed for endothelialiZation through control of the 
porosity of the surface and the possible addition of a surface 
treatment. The outermost, or adventitial layer of the vascular 
graft Would be tailored to induce tissue ingroWth, again by 
optimiZing the porosity (percent porosity, pore siZe, pore 
shape and pore siZe distribution) and by incorporating 
bioactive factors, pharmaceutical agents, or cells. There may 
or may not be a barrier layer With loW porosity betWeen 
these tWo porous layers to increase strength and decrease 
leakage. 
[0049] Composition of Foams 
[0050] A variety of absorbable polymers can be used to 
make foams. Examples of suitable biocompatible, bioab 
sorbable polymers that could be used include polymers 
selected from the group consisting of aliphatic polyesters, 
poly(amino acids), copoly(ether-esters), polyalkylenes 
oXalates, polyamides, poly(iminocarbonates), polyorthoe 
sters, polyoXaesters, polyamidoesters, polyoXaesters con 
taining amine groups, poly(anhydrides), polyphosphaZenes, 
biomolecules and blends thereof. For the purpose of this 
invention aliphatic polyesters include but are not limited to 
homopolymers and copolymers of lactide (Which includes 
lactic acid, D-,L- and meso lactide), glycolide (including 
glycolic acid), e-caprolactone, p-dioXanone (1,4-dioXan-2 
one), trimethylene carbonate (1,3-dioXan-2-one), alkyl 
derivatives of trimethylene carbonate, 6-valerolactone, 
[3-butyrolactone, y-butyrolactone, e-decalactone, hydroXy 
butyrate (repeating units), hydroXyvalerate (repeating units), 
1,4-dioXepan-2-one (including its dimer 1,5,8,12-tetraoX 
acyclotetradecane-7,14-dione), 1,5-dioXepan-2-one, 6,6 
dimethyl-1,4-dioXan-2-one 2,5-diketomorpholine, piv 
alolactone, alpha, alpha-diethylpropiolactone, ethylene 
carbonate, ethylene oXalate, 3-methyl-1,4-dioXane-2,S-di 
one, 3,3-diethyl-1,4-dioXan-2,5-dione, 6,8-dioXabicycloc 
tane-7-one and polymer blends thereof. Poly(iminocarbon 
ate) for the purpose of this invention include as described by 
KemnitZer and Kohn, in the Handbook of Biodegradable 
Polymers, edited by Domb, Kost and Wisemen, HardWood 
Academic Press, 1997, pages 251-272. Copoly(ether-esters) 
for the purpose of this invention include those copolyester 
ethers described in “Journal of Biomaterials Research”, Vol. 
22, pages 993-1009, 1988 by Cohn and Younes and Cohn, 
Polymer Preprints (ACS Division of Polymer Chemistry) 
Vol. 30(1), page 498, 1989 (eg PEO/PLA). Polyalkylene 
oXalates for the purpose of this invention include U.S. Pat. 
Nos. 4,208,511; 4,141,087; 4,130,639; 4,140,678; 4,105, 
034; and 4,205,399 (incorporated by reference herein). Poly 
phosphaZenes, co-, ter- and higher order miXed monomer 
based polymers made from L-lactide, D,L-lactide, lactic 
acid, glycolide, glycolic acid, para-dioXanone, trimethylene 
carbonate and e-caprolactone such as are described by 
Allcock in The Encyclopedia of Polymer Science, Vol. 13, 
pages 31-41, Wiley Intersciences, John Wiley & Sons, 1988 
and by Vandorpe, Schacht, Dejardin and Lemmouchi in the 
Handbook of Biodegradable Polymers, edited by Domb, 
Kost and Wisemen, HardWood Academic Press, 1997, pages 
161-182 (Which are hereby incorporated by reference 
herein). Polyanhydrides from diacids of the form HOOC— 
C6H4—O—(CH2)—O—C6H4—COOH Where m is an inte 
ger in the range of from 2 to 8 and copolymers thereof With 
aliphatic alpha-omega diacids of up to 12 carbons. PolyoX 


































