Opportunities in the 21st Century for
Biomedical Polymers

An Interdisciplinary Workshop

Sponsored by

The Division of Polymer Chemistry
American Chemical Society

and

Abbott Laboratories
Becton Dickinson
Johnson & Johnson
Bausch & Lomb
3M

November 19-21, 1992

Held at
DOUBLETREE RESORT
at

Desert Princess
Palm Springs, California
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Wednesday, November 18, 1992

7:00-9:00 PM Welcome Reception
7:00-8:00 PM Registration

Thursday, November 19, 1992
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8:20 AM
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9:15 AM

10:00 AM
10:30 AM

11:15 AM
12:00 Noon
1:25 PM
1:30 PM
2:15 PM

3:00 PM
3:30 PM

4:15 PM

5:15 PM

Registration

Introductory Remarks: James M. Anderson, Case Western Reserve
University

Discussion Leader: Paul L. Valint, Bausch & Lomb

Buddy D. Ratner, Univ. of Washington

"Issues and Perspectives on the Biocompatibility of New Biomaterials
and Biomedical Devices"

Patrick T. Cahalan, Medtronic, Inc.

"Processes for the Modification of Biomedical Devices"

Break

'Roger E. Marchant, Case Western Reserve University

"Surface Modification and Immobilization Techniques on Biomaterials"
Robert C. Eberhart, Univ. of Texas Southwestern Medical Center
"Modified Surfaces and the Regulation of Thrombosis”

Lunch :

Discussion Leader: Peter J. Tarcha, Abbott Laboratory

Peter C. Johnson, University of Pittsburgh

"Surface Blockade of Adhesive Ligands to Reduce Polymer
Thrombogenesis"

- Jeffrey A. Hubbell, The University of Texas at Austin

"Peptide Modified Surfaces"

Break

Howard P. Greisler, Loyola University

"Polymer Design for Vascular Prosthesis Biological Response”
James M. Anderson, Case Western Reserve University
"Inflammatory Cell Interactions with Biomedical Polymers"

Poster Session

Discussion Leader: Judy S. Riffle, Virginia Polytechnic Institute and
State University




Friday, November 20, 1992
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8:30 AM
9:15 AM
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10:30 AM

11:15 AM
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1:25 PM
1:30 PM
2:15 PM
3:00 PM
3:30 PM

4:15 PM

Introductory Remarks: Bill Culbertson, Ohio State University
Discussion Leader: William Johnston, Baxter Healthcare Corp.
Allen S. Hoffman, University of Washington

"Novel Polymers and Hydrogels for Medical Diagnostics"

Vickery Trinkaus-Randall, Boston University

"Polymer/Cell Interactions in the Development of an Artificial Cornea”
Break

Linda Cima, Massachusetts Institute of Technology

"Polymer Substrates for Cell-based Artificial Organs"

Moses Goddard, Brown University

"Physical Properties of Polymers for Nerve Regeneration and Induction”
Lunch :

Discussion Leader: Shalaby S. Shalaby, Clemson University

Harvey Jacobs, University of Utah

"Insulin-Peritoneal Self-Regulated Drug Delivery"

Jindrich Kopelek, University of Utah

"Novel Polymers for Drug Targeting"

Break

James Brauker, Baxter Healthcare Corp.

"Microarchitecture of Polymers Determines Soft Tissue Response to
Implants”

Robert C. Johnson, Baxter Healthcare Corp.

"Membrane Requirements for Cellular Transportation Devices"

Saturday, November 21, 1992

825 AM
8:30 AM
9:15 AM

10:00 AM
10:30 AM

11:15 AM

12:00 Noon

Introductory Remarks: Bill Culbertson

Discussion Leader: Sumita Mitra, 3M Company

Jeffrey O. Hollinger, Walter Reek Army Medical Center

"Can Biodegradable Materials Be Used to Regenerate Bone?"
Joseph M. Antonucci, National Institute of Standards and Technology
"Past, Present and Future in Dental and Maxillofacial Materials"
Break

Joseph Cappello, Protein Polymer Technologies, Inc.

"Engineered Protein Polymers for Biomaterials Applications”

Nir Kossovsky, Univ. of California at Los Angeles

"Issues and Perspectives on the Biocompatibility of New Biomaterials
and Biomedical Devices"

Concluding Remarks




ISSUES AND PERSPECTIVES ON THE BIOCOMPATIBILITY OF NEW
BIOMATERIALS AND MEDICAL DEVICES

Buddy D. Ratner
National ESCA and Surface Analysis Center for Biomedical Problems
Center for Bioengineering, BF-10
- Seattle, Washington 98195

Our existing biomaterials, although demonstrating generally good clinical success, are
unimpressive when considered in light of recent advances in the biomedical, biotechnological
and physical sciences. These are scientifically exciting times and we can exploit many of the
tools and ideas from this scientific revolution. The problem with current biomaterials is
their lack of specificity and the obvious absence of molecular design. Thus, silicone rubber,
polyethylene, polyurethanes, titanium and carbons have unsophisticated surfaces
(contaminated, polycrystalline or amorphous, non-equilibrium, lacking specific recognition
sites) compared to the recognition sites on cell surfaces, collagen or DNA. A proposal is
presented here that biomaterials should be designed and synthesized in the following
manner: first, the molecular nature of "biocompatibility" should be elucidated: second,
computer models should be constructed defining the types of "recognition sites" that should
be on the surface; third, these sites should be synthesized using stereospecific synthetic
methods, or using genetically modified organisms to produce proteins containing the active
site of interest. Finally, the appropriate active site should be self-assembled into an ordered
array that is tightly bound on the surface. Examples will be presented illustrating the
specificity that it is possible to achieve in designed biomaterials, and the potential to
precisely control protein and cell functionality on engineered surfaces.




PROCESSES FOR THE MODIFICATION OF BIOMEDICAL DEVICES

Patrick T. Cahalan
Medtronic, Bakken Research Center, The Netherlands

This presentation will detail some industrial experiences in using surface modification
technologies on actual medical devices. Several techniques have been evaluated such as
particle irradiation, plasma, corona, photocoupling, chemical activation, grafting, and coating
schemes. Theses methods have been used on most common biomaterials to impart surface
properties. Additionally, further coupling reactions of biomolecules such as heparin and
fibronectin have been investigated.

Applying the technology to actual devices presents technical, economic, and political
problems not always anticipated in well controlled laboratory experiments. These problems
will be discussed in the context of actual processes involved in manufacturing a heparinized
biomedical device. It is not likely that every problem encountered in transferring concept
to device can be anticipated. The probability of success is dependent on a flexible approach
to modifying materials and geometries, and this flexibility can best be obtained by a broad
technical competence in the techniques used for modifying biomaterials.




SURFACE MODIFICATION AND IMMOBILIZATION TECHNIQUES ON
BIOMATERIALS

Roger E. Marchant
Department of Biomedical Engineering, Case Western Reserve University,
Cleveland, Ohio 44106

- Synthetic biomaterials suffer from well-known clinical problems associated with
surface-induced thrombosis as well as high potential risk of infection. Despite considerable
research effort over the past twenty years, these major concerns have remained unresolved,
and have limited the success and applicability of existing biomaterials. Surface modification
of biomaterials represents a rational approach to improve the blood compatibility
performance including modifications designed to provide thromboresistance, protein
resistance, and to provide an interface suitable for attachment and growth of endothelial
cells. This approach has obvious advantages compared with the difficult task of generating
new materials that can satisfy both the mechanical and interfacial properties required.
However, there are critical issues concerning interfacial behavior that are often neglected
in design criteria for optimizing particular biomaterial surfaces. Immobilization strategies
designed to confer bioactivity on a surface need to take into account important forces and
interactions that are present at all biological interfaces, otherwise the activity of an
immobilized biomolecule may be neutralized by surface interaction or by an adsorbed layer
of plasma protein. Common methods of surface modification include photo-initiated
grafting, chemical derivatization, self-assembled monolayers, and radiofrequency (RF) glow
discharge methods, while most immobilization strategies often attempt to mimic host
interfaces. Cell seeding of vascular graft materials, immobilization of RGD-containing
peptides, phospholipids, anticoagulants, and/or fibrinolytic agents to enhance blood
compatibility, all represent examples of this philosophy. Our approach primarily has been
RF plasma discharge methods, which is an extremely versatile technique that may be used
to treat a surface or deposit a thin film of desired composition and properties on virtually
any biomaterial, regardless of composition, without adversely affecting its bulk mechanical
properties. RF plasma-polymerized thin films with hydrophilic properties can be prepared
on biomaterials and the surface functional groups can be used for immobilizing bioactive
molecules. In research directed toward the preparation of a new interface materials with
non-thrombogenic properties, we have successfully immobilized purified heparin
oligosaccharides onto different biomaterials. The surface modification not only provides
anticoagulant activity, but it also resists passivation by non-specific protein adsorption. On
the basis of recent advances such as the ability to manipulate biomaterial surface properties
at a molecular level, this presentation will address important issues of design, preparation
and evaluation of surface-modified biomaterials.




MODIFIED SURFACES AND THE REGULATION OF THROMBOSIS

Robert C. Eberhart
Department of Surgery and Biomedical Engineering Program
University of Texas Southwestern Medical Center at Dallas
University of Texas at Arlington

A number of treatments have inhibited surface-induced thrombus formation,
including: 1) surface immobilization and 2) slow release of heparin, 3) bulk additions to
polymer or 4) surface treatments to reduce interfacial free energy and S) surface
modification to enhance the affinity for albumin or other bystander molecules. The
inhibition of a second significant host defense process, manifested by reduced complement
activation, has also been achieved for some treatments. The rationales for these methods
are different yet they all succeed to some degree, but none perfectly. These facts raise
questions about the biological response to foreign materials and specifically, the regulation
of surface-induced thrombosis. Other things being equal, e.g. the status of blood chemistry
and blood flow rate, are the hypothesized mechanisms of action for these treatments the
actual means for surface passivation? Does the complexation of heparin with antithrombin
III (cases 1 &2), or the rejection/desorption/immobilization of host-activating proteins
(cases 3-5) persist for significant time periods? Or, following a short period of vulnerability
which is favorably altered by the surface modification, does the host provide a reorganized
surface which elicits an essentially uniform response, independent of the initial treatment?
These questions will be addressed in light of current theories of surface-induced thrombus
formation and recent experimental and clinical results.




SELECTIVE BLOCKADE OF PLATELET RECEPTORS AND ADHESIVE LIGANDS
TO REDUCE POLYMER THROMBOGENESIS

Peter C. Johnson
Division of Plastic and Reconstructive Surgery
University of Pittsburgh
Pittsburgh, Pennsylvania 15261

Vertical growth of a platelet thrombus on a biomaterial surface requires mechanisms
for initial platelet attachment (ADHESION), first to second layer interplatelet attachment
(PARADHESION) and subsequent interplatelet attachment (SUPRADHESION). Previous
work has shown that the adhesion step depends primarily on the association of surface-
adsorbed fibrinogen and platelet membrane glycoprotein IIb/Illa (GP IIb/Illa).
Paradhesion has been shown to require glycoprotein Ib on the surface of first layer platelets
and also on the availability of von Willebrand factor in the supernatant. Supradhesion is
hypothesized to occur via interaction of GPIIb/IIla with fibrinogen or vWF, although this
has not been proven rigorously. Common antiplatelet agents which are used clinically (i.e.,
aspirin, dextran and PGE,) appear to act at the supradhesion step and possibly at the
paradhesion step, but not at the adhesion step. However, it is the adhesion step which both
localizes the thrombus and provides a platelet layer capable of generating significant
amounts of thrombin. Since thrombin produced on the platelet membrane is difficult to
inhibit with heparin and since its action generates a fibrin clot, the process of platelet-
mediated thrombosis may accelerate even in the presence of common antiplatelet agents.
Using the new knowledge gained regarding layer-specific receptor/ligand requirements for
vertical platelet thrombus growth, we have performed in vivo and in vitro studies of
inhibitors aimed at the adhesion and paradhesion steps. The former include measurements
of the ability to inhibit platelet attachment to biomaterial surfaces after selective local
blockade of fibrinogen epitopes, a strategy which is of significant interest to surgeons who
may be hesitant to treat the postoperative patient with systemic anticoagulants.

Johnson, P.G., Sheppeck, R.A,, Hribar, S.R,, Bentz, M.L., Janosky, J., Dickson, CS.,
Inhibition of platelet retention on artificial microvascular grafts with monoclonal
antibodies and a high-affinity peptide directed against platelet membrane
glycoproteins, Arteriosclerosis and Thrombosis 11:552-560, 1991.

Sheppeck, R.A., Bentz, M., Dickson, C., Hribar, S., White, J., Janosky, J., Berceli, S,
Borovetz, Johnson, P.C., Examination of the roles of glycoprotein Ib and glycoprotein
IIb/Il1a in platelet deposition on an artificial surface using clinical antiplatelet agents
and monoclonal antibody blockade, Blood 78: 673-680, 1991.

Sheppeck, R., Garrett, K., Bentz, M., Johnson, P.C., "Platelet Deposition (PD) on
Polyethylene (PE): Dependence of Second Layer Platelet Attachment on Plasma
VWEF" ASAIO Transactions, 37: M260, 1991. :

Garrett, K.O., Pautler, S.V., Johnson, P.C., Ability of Common Antiplatelet Agents to Inhibit
Monolayer Platelet Adhesion to an Artificial Surface, (Submitted).

Dascombe, W.H., Hong, C., Miller, L., Garrett, K.O., Lyle, V., White, J., Johnson, P.C,,
ePTFE micrograft failure: Roles of platelet membrane glycoprotein Ib and
hirudin, (Submitted).




PEPTIDE MODIFIED SURFACES

Jeffrey A. Hubbell
Department of Chemical Engineering
University of Texas, Austin, Texas 78712-1062

Adhesive cellular responses to synthetic biomaterials are medicated by proteins that
have adsorbed to the fluid-material interface. Such proteins that are effective in promoting
cell adhesion are members of the cell adhesion protein family, including vitronectin,
fibronectin, laminin, and several other proteins. Specific receptors on the surface of the
cells recognize and interact with the adsorbed proteins. After adhesion and spreading, the
cells generally remodel this adsorbed protein surface, removing some proteins and secreting
others, to create an extracellular matrix.

The regions on the cell adhesion proteins that interact with the cell-surface bound
receptors are relatively small, usually 3-10 amino acid residues in length. These domains
can usually be mimicked by linear or cyclic oligopeptides of the same sequence. Examples
of these bioadhesive sequences include the oligopeptides arg-gly-asp (RGD, from fibronectin
and many others), tyr-ile-gly-ser-arg (YIGSR, from laminin), and arg-glu-asp-val(REDV,
from fibronectin).

The promotion of cell adhesion by adsorbed adhesion proteins has some important
technological limitations. One of the most limiting is that it is difficult make a material
adhesive toward one type of cell but nonadhesive to others. This is due to a redundancy in
the molecular specificity of the adhesion recognition systems: most cells have several
adhesion receptors, and many adhesion proteins possess more than one receptor-binding
domain and bind to more than one adhesion receptor. While it is rather difficult to alter

‘the expression of receptors on the surfaces of cells in the body, it may be less difficult to
limit the specificity of the surface-bound adhesion-promoting agent. This can be done by
using fragments, or synthetic oligopeptide analogues, of the particular receptor binding
domains whose activity is sought on the surface.

This background lays the basis for the development of synthetic extracellular
matrices, formed by covalently grafting synthetic bioadhesive peptide sequences to
biomaterial surfaces (1,2). By the judicious selection of the particular peptides grafted, it
may be possible to design the synthetic extracellular matrix to be selective for particular cell
types. This has been demonstrated for endothelial cells with otherwise poorly adhesive
polymer surfaces grafted with the sequence REDV (3,4). This peptide binds to the surfaces
of endothelial cells via the integrin receptor a,8;, which is present on endothelial cells but
not on blood platelets or smooth muscle cells. Endothelial cells were shown to adhere,
spread, cluster their «,8; receptors, organize their cytoskeleton, and retain their
nonthrombogenicity upon exposure to flowing blood. By contrast, neither blood platelets
nor smooth muscle cells attach. This is one example of how synthetic extracellular matrices
may be used to obtain higher degrees of molecular specificity than can be obtained with
protein mimics that cannot be obtained with whole proteins.




S.P. Massia and J.A. Hubbell, "Covalent Surface Immobilization of Arg-Gly asp-and
Tyr-Ile-Gly-Ser-Arg-Containing Peptides to Obtain Well-Defined Cell-Adhesive
Substrates," Analytical Biochemistry 187; 292-301 (1990).

S.P. Massia and J.A. Hubbel, "An RGD Spacing of 440 nm is Sufficient for Fibroblast
Spreading and 140nm for Focal Contact and Stress Fiber Formation," J. Cell. Biol.
114:1089-1100 (1991).

J.A. Hubbell, S.P. Massia, N.P. Desal and P.D. Drumheller, "Endothelial Cell-
Selective Materials for Tissue Engineering in the Vascular Graft via a new Receptor,”
Bio/Technology 9:586-572 (1991).

S.P. Massia and J.A. Hubbell, "Vascular Endothelial Cell Adhesion and Spreading
Promoted by the Peptide REDV of the IIICS Region of Plasma Fibronectin is
Mediated by Integrin a,8,," J. Biol. Chem., 267: 14019-14026 (1992)




POLYMER DESIGN FOR VASCULAR PROSTHESIS BIOLOGICAL RESPONSES

Howard P. Greisler
Department of Surgery
Loyola University Medical Center
Maywood, Illinois 61053

Advances in vascular graft design should render them applicable to small diameter
arterial and venous reconstructions and to the developing application of drug and/or gene
product delivery. Bioinert materials do not exist and advances will be based on the concept
of biointeractivity. Compositional and constructional parameters of prosthetic materials
necessarily modulate protein adsorption, platelet adhesion, inflammatory responses and
mesenchymal tissue ingrowth. Lactide/glycolide copolymeric bioresorbable materials
implanted into animal arterial systems elicit greater tissue ingrowth comprised of
myofibroblasts, capillaries, and endothelial cells than do similarly woven Dacron grafts.
These tissues derive from a transinterstitial ingrowth from surrounding tissues via cell
migration and proliferation. Myofibroblast proliferative activity in vivo, reflected by
autoradiographic analysis of tritiated thymidine incorporation into DNA, parallels the
kinetics of macrophage mediated prosthetic resorption. Polymer elastic modulus has an
inverse relationship to this proliferative activity. Biomaterial activation of inflammatory
macrophages in vitro induces their differential release of growth factors including TGF-g and
basic-FGF which in turn modulate the magnitude and kinetics of tissue ingrowth. These
growth factors can also be selectively bound to biomaterial surfaces to elicit their biologic
response. Acidic-FGF application to ePTFE grafts stimulates capillary ingrowth with
significantly increased endothelial cell mitotic indices. Future application for such
technology may also include the use of polymers to deliver growth stimulatory or inhibitory
factors to modulate the biologic response to interventional therapies including
endarterectomy, atherectomy, and balloon angioplasty. Polymer applications in the area of
percutaneous vascular interventional techniques as well as the use of polymers for controlled
released drug and cellular gene product delivery should lead to an increase in vascular
applications for new biointeractive polymers.




INFLAMMATORY CELL INTERACTIONS WITH BIOMEDICAL POLYMERS

James M. Anderson
Institute of Pathology

Case Western Reserve University
Cleveland Ohio 44106-4907

Our laboratory continues to address the hypothesis that the monocyte/macrophage
is the major cellular component controlling the tissue/material inflammatory and healing
responses of implants and prostheses. Medical devices and prostheses implanted into
vascularized tissue are subject to inflammation, foreign body reaction and healing responses.
Little is known as to how the cellular components in these responses are modulated by
medical device, implant and prosthetic materials. = The significant roles by
monocytes/macrophages in inflammation and the foreign body reaction, biodegradation of
the material, cytokine induction by monocyte/macrophage material interactions, and
receptors and adhesion mechanisms in monocyte/macrophage activation of biomedical
polymer surfaces are important areas of investigation which will lead to a better
understanding of normal, abnormal (pathologic) responses. This presentation will focus on
three areas under investigation in our laboratory. Results from recent and current studies
on in vitro/in vivo polymer degradation, anti-adhesion/anti-activation polymer surfaces, and
receptor mediated adhesion on biomedical polymers will be presented. A goal of our
current efforts is the evaluation of the effects of biomedical polymers with varying surface
properties on the adhesion, activation and cytokine production of adherent
monocytes/macrophages. An understanding of monocyte/macrophage adhesion and
activation will provide new criteria for the development of biomedical polymers.




NOVEL POLYMERS AND HYDROGELS FOR MEDICAL DIAGNOSTICS

Allan S. Hoffman
Center for Bioengineering

University of Washington, Seattle, Washington 98195

There are essentially three types of diagnostic assay systems: homogeneous (in

solution), heterogeneous (involving a surface), and a combination of the two. Synthetic
polymers may be used in all three of these assay systems, and some interesting new
diagnostic assays have been developed based on "intelligent polymer"-ligand conjugates, and
also on specially-treated ELISA plate surfaces. After a brief review of the most commonly
used diagnostic assays, three specific examples of new or 1mproved immunoassays will be
described.

1)

2)

3)

These three systems including the following approaches:

Conjugation of a biospecific ligand (e.g., MAb,) to a thermally-precipitating polymer
(P). When this polymer-ligand conjugate is added to an unknown protein mixture
(e.g., serum samples) containing an antigen (Ag) plus a second, labeled ligand (e.g.,
MADb,), then the P-MAb,/Ag/MAb, conjugate-immune complex sandwich may be
selectively isolated by warming (e.g., 37¢) the solution to precipitate the polymer
backbone along with the immune complex. The precipitate is filtered or centrifuged,
dissolved in cold buffer, and the signal assayed.

In a variation of this assay, the need to warm and then cool is voided by collecting
the P-MAb,/Ag/MAD, at R.T. on a membrane which binds the P backbone but
resists non-specific adsorptlon of free proteins (e.g. MAD,"). The signal is assayed on
the membrane.

In a third assay, an ELISA plate is treated in a gas discharge to a surface which binds
tenaciously such proteins as MAbs and albumin (blocking protein). This treated
ELISA plate has been shown to retain both the MAb, and albumin, the former in
a more stable and more active conformation than on an untreated plate, thus
increasing assay shelf-life and sensitivity.




POLYMER/CELL INTERACTIONS IN THE DEVELOPMENT OF AN ARTIFICIAL
CORNEA

V. Trinkaus-Randall
Departments of Biochemistry and Ophthalmology
Boston University School of Medicine
Boston, Massachusetts 02118

We have been evaluating the interactions of corneal epithelium and stromal
fibroblasts with two components of a synthetic cornea. Experiments have been conducted
in vitro and in vivo. The synthetic cornea is composed of a central optical part and a porous
periphery. The central component is a clear polyvinyl alcohol hydrogel whose surface is
modified by a covalent linker and the subsequent attachment of extracellular matrix
proteins. Epithelial cells adhered to the surface and became confluent with laminin
deposited on the surface within 7 d. The cytoplasmic pH of the cells was measured as an
indicator of normal epithelial maintenance. When the pH of the cells was 7.1 + /- 0.05, the
cells spread and expressed a normal repertoire of integrin and cytoskeletal proteins.
Stromal fibroblasts penetrated the porous periphery, which is a fibrous web of polybutylene
and polypropylene, and deposited a matrix consisting of collagen and glycosaminoglycans
(GAGs). The synthesis of collagen within and surrounding the web was followed over a
period of 6 mo. The increase in the deposition of extracellular proteins and GAGs
correlated highly with an increased strength of bonding between the web and the host
stroma. Our results indicate that coverage of the anterior surface by a continuous layer of
epithelium and active fibroplasia on the periphery are essential requirements for a successful
keratoprosthesis

Trinkaus-Randall, V., Banwatt,R., Cappechi,J., Leibowitz,H.M., and C. Franzblau., In vivo
fibroplasia of a porous polymer in the cornea. Inv. Ophthal. and Vis. Sci., 32,3245-
3251 (1991)

Wu,X.Y., Cornell-Bell,T., Simons,E.R., and V. Trinkaus-Randall. Expression of actin and

integrin subunits in response to ionically charged surfaces. Inv. Ophthal. and Vis. Sci.,
33, 2720 (1992)




POLYMER TEMPLATES FOR CELL-BASED ARTIFICIAL ORGANS |

L.G. Cima
Chemical Engineering Department
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

The concept of regenerating tissue structures using polymeric templates is gaining
increasing attention as the clinical limitations of artificial prosthetic devices become more
apparent and as our understanding of cellular interactions with extracellular matrix expands.
This concept of using biomaterials as templates to direct growth of highly differentiated,
functional tissue also adds another dimension to biomaterial-aided tissue repair, extending
it to metabolic organs such as liver in addition to the traditional realm of structural tissue
like bone and cartilage. This talk will focus on the development of polymeric materials and
devices for regeneration of liver and cartilage tissue by cell transplantation. These two
tissues have greatly differing needs with respect to three key issues in scaffold design --
surface chemistry, cellular metabolic demands, and macroscopic structure of the device --
and thus serve as useful paradigms for considering the general problem of tissue
regeneration. For both type soft tissues, we are interested in using biodegradable synthetic
polymers as the scaffold material so that the replacement organ will ultimately be composed
entirely of natural tissue and have focused initially on polyesters in the family polylactic acid
(PLA) and polyglycolic acid (PGA) and their copolymers (PLGAs) because they have an
extensive and favorable clinical record. While these materials may ultimately fulfill a
number of clinical needs, neon-specific cell adhesion may limit their general application, and
we are thus also developing new materials based on receptor-mediated binding to a ligand-
derivatized surface in order to address issues arising from non-specific cell adhesion.

~ We have evaluated two techniques for cell transplantation: (1) seeding the cells on
the template in vitro before implantation of the device and (2) implanting the polymer
scaffold first, allowing vascularization of the device to occur, and then injecting a suspension
of cells into the pre-formed vascular bed. The first approach can be used for implants of
low metabolic activity and is better suited to cartilage, which is an avascular tissue, but also
has an advantage for liver as in vitro manipulation of the cells must be carried out (e.g. gene
transfer). The second approach has an advantage if a substantial fraction of the mass of the
native liver must be transplanted. For the first approach, we have developed a porous
device of a composite PGA/PLA/PLGA material. This material can be formed to a
specific macroscopic shape for cartilage transplant, and the surface chemistry is appropriate
for growth and maintenance of the differentiated function of hepatocytes in vitro before
implantation. For the second approach, the connective tissue associated with the vascular
bed must be poorly adherent to the support scaffold so that a good dispersion of cells will
be obtained throughout the vascular bed without disrupting blood vessels and thus non-
specific cell adhesion may limit the use of PLLA scaffolds. To address the issue of non-
specific cell adhesion, we are developing materials based on radiation crosslinked PEO star
copolymer gels. Crosslinked star PEO copolymers provide an inert PEO surface with
sufficient free terminal hydroxyl for linked attachment ligands. In a preliminary




investigation, galactose was employed as the attachment ligand literature reports indicate
that it can be successfully used to immobilize hepatocyte and in comparison to peptide
ligands, it is relatively straightforward to covalently link galactose to the gels and assay its
presence. Hepatocytes attached and spread on radiation-crosslinked star PEO hydrogels
derivatized with galactose and exhibited a normal morphology in culture during a 4-day
culture period. Spreading of hepatocytes on derivatized gels was observed at approximately
10-fold lower concentration of galactose than has previously been reported for
immobilization of hepatocytes on galactose-modified gels. Galactose provides a convenient
ligand for in vitro hepatocyte immobilization, however in vivo use of PEO star hydrogels may
require a ligand which exhibits a greater specificity for hepatocytes; e.g., complex
carbohydrates or peptides.




PHYSICAL PROPERTIES OF POLYMERS FOR ENHANCING NERVE
REGENERATION

Moses Goddard
Section of Artificial Organs, Biomaterials and Cellular Technology
Brown University
Providence, Rhode Island 02912

Recovery of function following major peripheral nerve injury remains unsatisfactory
in most cases despite recent advances in microsurgical repair techniques. The specific
reason for this failure of surgical repair is obscure, however, recent work investigating
tubular devices known as "nerve guidance channels" or "regeneration chambers" has shown
that modulation of the microenvironment surrounding the regenerating stumps of severed
nerves can significantly benefit the speed and quality of functional and anatomic recovery.
For the past several years our laboratory has examined the potential role of varying physical
properties of guidance channels through the selection of different polymers and fabrication
techniques, with the hope of creating an enhanced environment for regeneration.
specifically, the use of devices demonstrating selective permeability, electrical charge, and
smooth surface microgeometry have been associated with improved nerve regeneration.
Perhaps more promising, however, has been the use of polymers that are capable of the slow
release of biologically active substances, or of devices which can support grafts of small
populations of cells whose specific natural function is the enhancement and modulation of
nerve regeneration. It remains to be seen whether of not these physical features can be
incorporated into practical devices which will enhance the repair of human nerve injuries

over what is achieved with current surgical techniques, but work in animal models clearly
“suggests that there is a role for polymer engineering in the solution to this persistently
frustrating clinical problem.




INSULIN PERITONEAL - SELF REGULATED DELIVERY SYSTEMS

Harvey Jacobs
Center for Controlled Chemical Delivery
Department of Pharmaceutics and Pharmaceutical Chemistry
University of Utah, Salt Lake City, Utah 84112

Peritoneal Implanted Insulin Delivery Systems has been designed based on the
competitive binding between succinylamidophenyl glucopyranoside - insulin (SAPG-insulin)
and glucose to a lectin, concanavalin A (Con A).

Synthesized SAPG-insulin showed bioactivity, immunogenicity and pharmacokinetics
similar to native insulin. Bioactive oligomer Con A was synthesized and characterized.

A polymer membrane of poly(vinylidene difluoride (Durapore®)) coated with
cellulose on surface demonstrated 40,000 Dalton cut off molecular weight. This membrane
shows effective exchange diffusion of glucose and SAPG insulin.

A pouch has been designed from this membrane containing soluble Con A oligomer
and SAPG insulin. The system demonstrated glucose challenged SAPG insulin release in
both in vitro and in vivo diabetic dog studies.




NOVEL POLYMERS FOR DRUG TARGETING

Jindrich Kopetek |
Departments of Pharmaceutics and Pharmaceutical Chemistry/CCCD, and of
Bioengineering
University of Utah
Salt Lake City, Utah 84112

Biocompatible soluble synthetic polymers show excellent potential as drug carriers
for targeted and site-specific drug delivery.  Attaching drugs to water soluble
macromolecules limits their cellular capture to the pinocytic route and renders them
lysosomotropic. Targeting can be achieved by conjugating polymer bound drugs to a
targeting moiety having a structure complementary to cell surface receptors or antigens.
The activation of polymer bound drugs in secondary lysosomes can be achieved either by
enzymes or light. In the former case, the (anticancer) drug is bound to an N-(2-
hydroxyproply)methacrylamide copolymer via an oligopeptide sequence stable in the
bloodstream, but susceptible to hydrolysis catalyzed by lysosomal enzymes. Upon arrival in
the lysosomal compartment of the target cell, the drug is released and permeates into the
cytoplasm, where it initiates its biological action. In the latter case, a photoactivatable drug
is used. It remains inert even after reaching the lysosomal compartment of the cell. The
photosensitizer may be activated with light of a characteristic wavelength, ultimately
resulting in the formation of singlet oxygen. The latter may cause lysosomal membrane
damage and ultimately cell death.

The enzymatic activity of colon microflora can be used as the rationale for colon-
specific drug delivery. Two drug delivery systems based on this approach will be discussed:
a) bioadhesive water-soluble copolymers for colon-specific delivery of S-aminosalicylic acid,;
b) hydrogels degradable by microbial enzymes in the colon for the oral delivery of peptides
and proteins.

The research reported here was supported by NIH grants DK 39544 and Ca 51578; by Insutech, Inc., Salt Lake
City, Utah; and by Hisamitsu Pharmaceutical Co., Tosu, Sage, Japan




MICROARCHITECTURE OF POLYMERS DETERMINES SOFT TISSUE RESPONSE
TO IMPLANTS

James Brauker
Baxter Healthcare Corporation
Round Lake Illinois 60073

Implantation of foreign cells into humans for correction of diseases is feasible if the
cells can be protected from the immune system by encapsulating the cells in a membrane
(immunoisolation). The formation of a non-vascularized foreign body capsule at the
membrane-tissue interface has been identified as the main cause of deterioration of tissues
implanted in immunoisolation devices. We have tested over 160 commercially available
membranes of various pore sizes and polymer chemistries. Membranes were implanted
subcutaneously in Sprague-Dawley rats to ascertain what membrane characteristics might
modify the foreign body response. Membranes with "small pores” (those that did not allow
penetration of cells into the membrane), formed a " classical" foreign body capsule, having
15-20 layers of fibroblasts between the vascular bed and the implant surface. In contrast,
several membranes with "large pores" (that allowed penetration of cells into the membrane)
induced an "altered" capsule with a vascular bed immediately adjacent to the membrane.
This effect of pore size appeared to be independent of the chemistry of the polymer
(cellulose acetate, mixed esters of cellulose, acrylic copolymer, and Teflon). Some large
pore membranes (invaded by cells) were not vascularized. Analysis of numerous membrane
revealed that the vascularized membranes contained invading cells with a "rounded"
morphology, whereas non-vascularized membranes contained invading cells with a "flattened”
morphology. SEM analysis revealed that vascularized membranes were composed of pores
(cavities) defined by polymer structures with a diameter less than 5 um, whereas non-
vascularized membranes were composed of cavities defined by structures with a diameter
greater than 5 um. We hypothesize that these distinct architectures elicit different responses
from the invading cells, such that they secrete factors to induce a "classical" foreign body
response in the case of the non-vascularized membranes, or an altered foreign body
response with close vascular structures in the case of the vascularizing membranes. We
show that the vascularizing membranes are capable of altering the host response even when
laminated onto membranes that elicit a standard foreign body response. We propose that
these membranes will serve as a biocompatible covering for any implant that must interface
with soft tissues, such as percutaneous catheters, breast and other reconstructive implants,
indwelling sensors, and immunoisolation devices.
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MEMBRANE REQUIREMENTS FOR CELLULAR TRANSPLANTATION DEVICES

Robert C. Johnson
Baxter Healthcare Corporation
Round Lake, Illinois 60073

The goal of cellular transplantation within a device is to provide an environment
which allows function of membrane encapsulated human or animal tissue while protecting
it from destruction by the recipient’s immune system. Under these conditions, specific
transplanted tissues will secrete a therapeutic product intended to correct a disease
condition. Since the tissue is separated from the recipient by an intervening membrane, it
is not vascularized; nutrients and oxygen must reach the graft by diffusion. In many past
attempts to produce cellular transplantation devices, the diffusion process has been
hampered by the formation of a fibrotic tissue capsule around the implants. Membranes
which reduce the formation of a fibrotic capsule and induce vascularization near the
membrane surface are desirable. Since the membranes of the device must protect the graft
from destruction by the immune system, it is imperative that they act as a barrier to
movement of cells of the immune system across the membrane. It is generally assumed that
diffusion of soluble components such as antibodies and complement must also be prevented
or at least highly attenuated, however, other mechanisms of immune damage to the graft
are possible. This may require membrane molecular weight cutoffs which are sufficiently
low that they impede diffusion of the therapeutic product secreted by the graft. Membranes
with sharp molecular weight cutoffs would be beneficial in this regard. Implantable
membranes must be biocompatible with respect to the recipient and graft tissue and not
induce undesirable changes in the function of the graft. For long term implants, membranes
should be resistant to degradation, tearing or rupture as a result of impact. They must also
withstand repeated twisting and flexing motions without breaching. The membrane must
be sufficiently flexible so that they do not cause any discomfort to the recipient and they
should also be compatible with fabrication in refillable or compartmentalized device
formats.




CAN BIODEGRADABLE MATERIALS BE USED TO REGENERATE BONE?

Jeffrey O. Hollinger
USAIDR
Physiology Branch, Washington, DC 20307-5300

The autogenous graft is the most frequently used material for regenerating deficient
bone in the mandibular and craniofacial complex; while allogeneic bank bone is the second
most commonly used material. Neither the autogenous graft nor the allogeneic bank bone
provide the patient with ideal results. Consequently, alternatives have been investigated that
include various combinations of osteoregenerating cytokines and biodegradable polymers.
If researchers are to develop alternatives to the autogenous graft and allogeneic bank bone,
it is important to study and to understand the biochemical and cellular mechanisms
governing fracture repair and regeneration of ablative osseous wounds. It is important to
understand why the autograft, despite recognized deficiencies, promotes bone regeneration
to a degree that cannot be matched by any man-made material. If researchers are to be
successful in developing alternatives, not only must they be mindful of complex biochemical
and cellular processes promoting bone regeneration, they must evaluate potential
alternatives in a hierarchy of defined animal wound models using quantitative methodology.
This presentation will point out an animal paradigm and the quantitative methodology that
we use in our laboratory for evaluating bone regeneration materials for the mandible and
craniofacial complex.

The major phases of new bone formation include migration of progenitor cells,
mitosis of mesenchymal stem cells, differentiation to cartilage and bone, mineralization and
remodeling, and hematopoietic marrow differentiation. The initiation of the bone formation
cascade is triggered by a bone inductive protein(or proteins) and proliferation of progenitor
cells is modulated by a number of growth factors (transforming growth factor, platelet
derived growth factor). Bioactive proteins such as bone morphogenetic proteins (BMP)
induce the differentiation of pluripotential cells into cartilage-forming cells and bone-
forming cells. Several osteoinductive proteins and growth factors have been isolated from
bone are believed to be relevant in bone regeneration. Recently, a family of seven BMPs
has been cloned by recombinant DNA technology and expressed. The members include
BMP-1, BMP-2, BMP-3 (osteogenin: OG), BMP-4, BMP-5, BMP-6, and BMP-7 (osteogenic
protein-1). The availability of recombinant BMPs will allow investigation of the mechanism
of their actions and plausible clinical applications.

The regeneration of bone may be possible if a delivery system is constructed having
appropriate chronobiologic properties and architectural specifications. The architectural
design should support bone ingrowth (osteoconduction) from host bone margins.
Specifications for osteoconduction must support the progression of angiogenesis and
subsequent neovascularization. The capacity to maintain spatial orientation of the bone
fracture of bone fragments will be the distinction of the fixation device, not of the delivery
vehicle. In addition to the architectural requirements, the vehicle must afford optimum
opportunity for cell attachment. The chronobiological dependency of the healing continuum
requires that the appropriate quantity of bone inductive protein and growth factors are




released at a therapeutic dose at the proper point(s) in time to push the bone formation
cascade to completion: the regeneration of lost form and function. The delivery vehicle
must be programmed with the exacting release kinetics calibrated to local requirements of
the osseous tissue to be regenerated.

Applied bone research focused on the development of alternatives to autograft and
allogeneic bank bone can be successful if basic fundamentals of bone regeneration
physiology are followed. This presentation will review several important principles that
could be useful in the quest.




PAST, PRESENT AND FUTURE IN DENTAL AND MAXILLOFACIAL MATERIALS

Joseph M. Antonucci
NIST, Polymers Division
Gaithersburg, Maryland 20899

Of all the health sciences, dentistry probably has benefitted the most from technology
transfer from the polymer community. The first synthetic denture material (used for almost
100 years) was based on Goodyear’s discovery of vulcanized rubber in 1839. Since then a
wide spectrum of polymers have been examined for dental and maxillofacial uses including:
celluloid, phenol-formaldehyde resins, vinyl polymers and copolymers (polystyrene,
polyethylene, etc.), polyesters,  polycarbonates, polyamides, polyurethanes, siloxanes,
phosphazenes and, of course, the widely used acrylics. ’

Because of their unique combination of properties (e.g., ease of polymerization and
fabrication, acceptable overall properties, excellent esthetics), acrylic monomers and their
polymers have received the most attention in dentistry. Since the introduction in 1937 of
methyl methacrylate as a denture base material, acrylic dental materials have continued to
find new uses (prosthetic devices, composite fillings, sealants, adhesives, cements, etc.). The
development of new types of acrylic monomers (e.g., multifunctional, oligomeric,
hydrophobic, hydrophilic, surface-active) coupled with the latest in free radical
polymerization techniques (chemical, photochemical, dual curing systems) have contributed
significantly to the steady improvement of polymer-based dental materials.

However, there are still a number of critical deficiencies in acrylic based dental
materials that limit their clinical performance and range of applications. The major
shortcomings of conventional acrylics are excessive polymerization shrinkage, less than
optimal degrees of cure under ambient conditions, and inferior environmental resistance.
Ideally, polymeric dental and maxillofacial materials should have zero or very minimal
dimensional change on polymerization, adequate mechanical strength and durability, color
stability, biocompatability, facile processability and the ability to be attached to and blended
aesthetically with contiguous tissues. The challenge for the future is not only the synthesis
of monomers and polymers that will have these and other useful characteristics, but also the
development of new modes of polymerization (lasers) and fabrication techniques
(CAD/CAM) for the new polymer systems.




ENGINEERED PROTEIN POLYMERS FOR BIOMATERIALS APPLICATIONS

Joseph Cappello
Protein Polymer Technologies, Inc.
10655 Sorrento Vly Road
San Diego, California 92121

The production of novel protein based materials utilizing biological synthesis offers
great promise in the field of biomaterials design and engineering. Allowing the precise
control of chain composition and sequence, recombinant DNA technology enables the
design and production of protein polymers that incorporate a combination of physical,
chemical, and biological properties that do not exist in natural proteins. One such protein
polymer, SLPF (silk-like polymer with fibronectin cell attachment functionality) is an
example. SLPF (ProNectin™ F, Protein Polymer Technologies, Inc., San Diego, CA) is a
cell attachment protein which can be used to coat artificial surfaces like polystyrene culture
dishes, promoting both the attachment and spreading of a wide variety of cultured cells
(Cappello et al., Mat. Res. Soc. Symp. Proc. Vol. 174, 267, 1990). It can also be fashioned
into films, a cohesive substratum composed completely of protein, to which cells attach with
high affinity.

Because the design of SLPF incorporates the physical and chemical stability of silk
fibroin protein and the cell attachment bioactivity of fibronectin, two properties never found
in a single natural protein chain, questions regarding the structural basis for SLPFs observed
properties and biological activity have been investigated. Wide angle X-ray scattering and
transmission electron microscopy have shown that SLPF forms micro-sized sheaths consisting
of whisker-like crystallites with unit cell dimensions characteristic of antiparallel beta-sheets
in molecular "crankshaft" conformation. According to our proposed model, the "whiskers"
consist of chain folded lamellar crystallites where the silk-like blocks of 54 amino acids in
length span the width of the whiskers (11.8 a 2.2 nm) and the cell attachment blocks of 17
amino acids form noncrystalline loops along the edges. This model explains the structural
durability of SLPF, its rapid renaturation after exposure to harsh solvents, its ability to
adsorb to synthetic, often hydrophobic surfaces, and its presentation of the cell attachment
blocks in an accessible manner.




ISSUES AND PERSPECTIVES ON THE BIOCOMPATIBILITY OF NEW
BIOMATERIALS AND BIOMEDICAL DEVICES

Nir Kossovsky
Department of Pathology
University of California, Los Angeles
Los Angeles, California 90024

There are a number of concepts that have evolved over the years regarding the status
of the interaction between biomaterials and biomedical devices with the biological
environment. Several key terms arising from these concepts include biocompatibility,
bioinert, and non-specific foreign body reaction. From the perspective of a pathologist, these
terms are misleading and do not warrant further use now that biomedical polymer research
and use is entering the 21st century.

The performance of biomaterials and medical devices is inextricably linked with the
reactivity of their biological environments. As these materials perturb the biological status
quo through a variety of bulk and surface phenomena, pathological sequelae may arise.
These sequelae, arising at the bio/material interface, may have significant consequences on
the integrity of the materials and devices as well as the physiology of the biological host.
As such, biomaterials and medical device pathology may be viewed in the context of
structural and material degradation and adverse biological sequelae, i.e.:

* the biological environment may promote a multitude of structural and material
degradative processes.
* adverse biological responses may be evoked by both bulk and surface phenomena.

Responses include thrombosis, potentiation of infection, inflammation, and induction
or promotion of neoplasia.

The biological process of inflammation, the reaction of vascularized living tissue to
injury, is the predominant determinant of the long term status of implanted biomaterials and
medical devices. Specialized cells of the chronic inflammatory mechanism, macrophages,
are key mediators of the biological reaction. These cells, under appropriate stimulation,
may secrete a variety of oxygen reduction products, messenger proteins that can induce
systemic biological reactions, messenger proteins that can control local biological reactions,
and may also participate in activation of the immunological defense systems. Macrophage
activation may be precipitated by surface interactions with the biomaterials and by
particulates generated by mechanically abraded or chemically degraded biomaterials.

In the 21st century, the mechanical and chemical stability of biomaterials and medical
devices will have to be assessed in terms of the performance of the materials in the context
of macrophage activation.




