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An Introduction to Biocompatibility and Directing Biological Response
Buddy D. Ratner
University of Washington
Center for Bioengineering and Department of Chemical Engineering
Box 351750
Seattle, Washington 98195

Biomaterials, and medical devices fabricated from them, save lives and/or improve the quality of life for
millions. A significant industry, estimated at over $40 billion/year has, in 30 years, evolved around
biomaterials. In spite of this rosy picture, concerns loom about this field:

.l :
-implants do not work nearly as well as the natural parts they are intended to replace,
-in the last 20 years, there has been little substantive change in biomaterials,
-there is still no consistent theory underlying the bioreaction to materials.

The most exciting scientific developments in the second half of the 20th century have centered about
molecular and cell biology. In particular, the understanding that biological systems function using lock-
and-key receptor mechanisms coupled with precise cell-cell signaling has revolutionized our abilities to
direct living systems. Yet, in contrast to normal living systems, present biomaterials are non-specific in
their biological interactions. The following example illustrates a consequence of this problem:

Synthetic polymers used in medical devices typically elicit a non-specific response from biological systems.
For example, consider this set of materials: silicone rubber, polyurethane, poly(2-hydroxy-ethyl
methacrylate), polytetrafluoroethylene, poly(ethylene terephthalate). We have in this list materials that are
soft, hard, wettable, non-wettable, chemically reactive, inert, permeable, impermeable, etc. If we implant
them, all will heal essentially indistinguishably, and the implants will all be surrounded by a thin,
collagenous capsule. If we followed the healing process with time, for all these materials, we would
observe the classical inflammatory sequence at and around the implant: adsorbed protein ~> neutrophils
-> macrophages -> foreign body giant cells -> fibroblasts -> capsule formation. Furthermore,
similarities in healing would be seen between materials if they are implanted in soft tissue, peritoneum,
nerve, the eye or in bone. Yet, if we had studied these samples in vitro, we would have noted that they
adsorb different proteins in different conformations and they adhere and activate cells differently.

I hypothesize that biomaterials that heal in a normal manner must turn on precise healing pathways via
recognition and signaling. Furthermore, advanced biomaterials must not induce non-specific reactions.
By designing receptor sites onto the materials used in medicine and biology, cell and tissue reactions to
those materials might be accurately controlled. A general principle in the design of such surfaces is that
non-specific interactions should be inhibited. Surfaces that resist the adsorption of proteins may serve this
purpose. Such surfaces are made in our laboratory by the RF-plasma deposition of poly(ethylene oxide)-
like thin films. Reactive groups suitable for immobilization of recognition moieties can be incorporated
into these non-adsorptive films. Alternatively, the molecular self-assembly phenomenon can be used to
make surfaces with high degrees of crystalline perfection and freedom from defects or irregularities onto
which non-specific interactions can occur. Examples will be shown of self-assembled surfaces on-gold
made from alkane thiols and DNA nucleotide bases. Small degrees of molecular mobility can be
incorporated in such surface structures to reduce the demanding geometric requirements associated with
too precise a molecular fit. A recognition AFM can be used to observe such surfaces. Finally, the surface
can be manipulated with the AFM to create patterns and nanoscale features that can, in turn; be used'to
control proteins and cells. o R




INFLAMMATION, THE FOREIGN BODY REACTION AND HEALING

James M. Anderson, M.D., Ph.D.
Institute of Pathology

Case Western Reserve University
Cleveland, OH 44106

Inflammation, wound healing and foreign body responses are generally considered as parts of
the tissue or cellular host responses to injury. In the context of biomaterials and medical devices, this
injury is considered to be the surgical procedure of implantation. Following the surgical implantation of
a medical device, material surface property-dependent blood protein adsorption occurs immediately. It
is this protein-modified biomaterial that inflammatory cells subsequently encounter. From a pathology
perspective, adherent monocyte-derived macrophages and foreign body giant cells (FBGCs), formed by
macrophage fusion, are prominent and persistent cell types on implanted biomaterials. These cells,
macrophages and FBGCs, through their numerous secretory capacities are believed to exert multiple
and complex influences on the inflammatory response at the implant site and on biocompatibility.
Previous studies in our laboratory have identified foreign body giant cells as being directly responsible
for the surface degradation of polyetherurethanes. These and other studies have implicated monocyte
adhesion to implanted biomaterials as being critical to biocompatibility outcome because it initiates
macrophage development and foreign body giant cell formation.

Virtually nothing is known regarding the adhesion and activation mechanisms of monocytes and
macrophages on biomaterials. ‘Multinucleated giant cells, formed by the fusion of macrophages, are
recognized as hallmark histological features of the foreign body reaction to biomaterial surfaces in vivo.
However, little is known regarding the macrophage fusion process which leads to foreign body giant
cells. Thus, efforts to engineer surfaces for inflammatory cell interactions are embryonic. While our

-ultimate goal is to understand inflammatory cell receptors, surface/cell signalling and cell signal
transduction mechanisms, and the ability of surfaces to modulate cell function or phenotypic control,
we have only begun to understand these interactions regarding inflammatory cells and the role played
by surfaces with variable chemistries. To introduce this topic regarding inflammatory cells and
biomaterials, we will use recent studies in our laboratory as a model or paradigm for the elucidation of
these interactions.

v 'As a part of an ongoing investigation into the role of the monocyte/macrophage in :
‘biocompatibility, a major goal has been to identify the adhesion mechanisms that initiate and promote
the observed in vivo morphologic progression of monocyte-to-macrophage-to-foreign body giant cell on
biomaterials. Monocytes express receptors for various blood components, but they recognize naturally
occurring foreign surfaces - i.e., invasive microorganisms - by receptors for opsonins such as fragments
~of complement component C8. Because complement activation by biomaterials has been well
documented, we reasoned that monocyte interactions with artificial foreign surfaces could occur by
similar mechanisms. Exposure to blood during material implantation may permit extensive
opsonization with the labile fragment C3b and the rapid conversion of C3b to its hemolytically inactive
but nevertheless opsonic and more stable form, C3bi. C3b is bound by the monocyte receptor CD35,
but C3bi is recognized by distinct monocyte/macrophage receptors, CD11b/CD18 and CD11¢/CD18.
Fibrinogen, a major plasma protein that adsorbs to biomaterials, is another described ligand for these
receptor molecules, which together with CD11a/CD18, constitute a subfamily of receptors called
integrins that is restricted to leukocytes. These integrin receptors have two chains: a common B,
chain and a unique « chain. The collective studies with monoclonal antibodies to their common 8,
subunit (CD18) and distinct « chains (CD11a, -b, and -¢) have implicated CD11a/CD18 in cell-cell
adhesive interactions and CD11b/CD18 and CD11¢/CD18 in multiple phagocytic cell responses. Other
potential adhesion-mediating proteins that adsorb to biomaterials include IgG, which may interact with
monocytes via receptors for its constant region, and fibronectin, for which monocytes also express
multiple types of receptors.



Accordingly, we have hypothesized that monocyte adhesion to biomaterials occurs via specific
adhesion mechanisms - i.e., interactions of cell surface receptors with adsorbed proteins - and that
material-dependent protein adsorption determines the nature of adhesion molecules engaged. To
approach such complexities in vitro, four differently modified polystyrene surfaces have been exploited
as probes for monocyte adhesion receptor-material interactions within the context of multiple potential
adhesion-mediating proteins. Here, we have utilized specific component-depleted sera and monoclonal
antibodies to leukocyte integrins to ask what adhesion mechanisms mediate the initial adherence of
otherwise unactivated human blood monocytes to these different surfaces.

Following the adhesion of monocytes and the differentiation of monocytes to macrophages on
surfaces, macrophages may fuse together to form foreign body giant cells. This process is poorly
understood and we have focused our efforts to understand the mechanism of foreign body giant cell -
formation from macrophages on chemically modified surfaces. Previous studies by others had indicated
that Interleukin-4 could, under some conditions, facilitate macrophage fusion into foreign body giant
cells. Investigating this system with human monocytes in culture, we discovered that the addition of
Interleukin-4 at three days in culture markedly facilitated the formation of foreign body giant cells. In
addition, the addition of interferon-gamma facilitated the formation of Langhans giant cells; a giant cell
type which had markedly fewer nuclei and much smaller surface areas than the foreign body giant . -
cells. This system and our experiments will be described in detail as we now have an in vitro system
which can be used to investigate chemically modified surfaces and the formation of foreign body giant

cells as well as the phenotypic expression of both macrophages and foreign body giant cells on these
surfaces. :

The development of various in vitro and in vivo systems presented now permit a
comprehensive investigation .of monocyte/macrophage adhesion and activation and foreign body giant
cell formation on appropriately modified chemical surfaces. Information derived from these studies will
provide new design criteria and form the basis for the creation of "biology-based" biomaterials.
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'PROTEINS AND CELLS AT POLYMERIC SURFACES

Thomas A. Horbett, Bioengineering and Chemical Engineering,
University of Washington, Box 851750, Seattle, Washington 98195-1750

The interaction of the adhesion receptors in cells with adsorbed adhesion
proteins Influences the reaction of the body to biomaterials and will therefore be the
pﬂmarj! focus of my presentation. The topics to be covered are as follows: 1. Adhesion
proteins & cell interactions; 2. Adsorption of proteins from complex mixtures: 3. The
Integrin receptors; 4. Differential affinity of proteins for surfaces; 5. Modulation of the
blological activity of adsorbed adhesion protsins by the substrats; 6. Substrate
activation of adsorbed adhesion proteins.

A complex mixture of adhesion promoting and adhesion inhibiting protelns
adsorbs rapidly to surfaces exposed to cells because the media typically contains
many different proteins with large differences in their affinity for surfaces. Thus, the
composition of the adsorbed layer on each biomaterial is different. The principles
underlying protein adsotption to biomaterials from complex protsin mixtures will
therefore be presented. Varlatlons in surface affinity and protein concentration in the
context of a limit on adsorption (the monolayer) lead to selectivity in adsorption.

~ The integrins are the only class of cell receptors known to be important In
adhesion to foreign surfaces. Fibrinogen, fibronectin, vitronectin, and von Willebrand's
factor all act as ligands for Integrins in various cells and thus mediate adhesion when
adsorbed. Examples illustrating the role of the integrins and the adhesion proteins in
cell attachment will be given. '

Three major mechanisms underlying the role of the adsorbed adhesion proteins
in cell interactions are the differentlal affinity of the adhesion proteins for different
surfaces, the modulation of the biological activity of the adsorbed adhesion protein by
the surface, and substrate activation of adhesion proteins.

Ditferential affinity will be illustrated with studies of ths adsorption behavior of
the adhesion proteins fibrinogen, fibronectin , vitronectin, and albumin and IgG from
complex protein mixtures onto synthetic substrates. The use of seloctive depletion to
identify the proteins involved in cell interactions with biomaterials will also be
described. Depletion studies have Identified vitronectin as opposed to fibronectin in
medlating attachment and spreading of anchorage dependent cells on some surfaces

and also shown the important role that adsorbed fibrinogen plays in the adhesion of
platelets and neutrophils.

“Proteins and Calls at Polymeric Surfaces™ T. Harbett. Workshop On “Molecular Engineering of
Polymers: Directing Blological Response” , Nov 22-24, 1996 , Red Llon Resort, Santa Barbara, CA.



Surfaces with similar amounts of adsorbed adhesion proteins sometimes ,
exhibit differences in cell attachment and spreading, suggesting that the substrate
properties modulate the blologlcal activity of the adheslon protein. These obsetrvations
suggest that one might control the interaction of cells with biomaterials by controlling
the reactivity of the adhesion proteins. Examples illustrating modulation in the

interaction of adsorbed fibrinogen with platelets and for fibronectin interaction with
several types of cells will be given. ' ‘

“Substrate activation” refers to the idea that adso
appears o potentiate their adhesive properties. For exa
soluble fibrinogen unless the platelets have first been &
as ADP, while unstimulated platelets will bind and spread on adsorbed fibrinogen. -
Substrate activation may be partly due to the exposure of novel binding sites in the
adsorbed protein that are normally hidden in the soluble protein. The binding of

monoclonal antibodies to adsorbed fibrinogen and fibronectin will be used to illustrate
this phenomenon. | ' ‘

rption of adhesion proteins
mple, platelets do not bind ,
ctivated with an agonist such

“Proteins and Cells at Polymeric Surfaces® T, Horbett, Workshop On

*Molecular Engineering of
Polymers: Directing Biological Respanse”, Nov 22-24, 1996 , Red Lio

n Reson, Santa Barbara, CA.
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Specificity and Recognition: the Role of Multivalent Interactions

' Frances H. Amold
Division of Chemistry and Chemical Engineering
California Institute of Technology 210-41
Pasadena CA 91125

This talk will emphasize the special role that multivalent interactions play in
determining the affinity and specificity of recognition between polymers and polymeric
surfaces and small molecules, proteins, protein assemblies and cells. That adsorption
involves multipoint interactions has important implications for the design of surfaces for
specific recognition applications as well as for the interpretation of biological recognition

involving multiple interactions with randomly-spaced functional groups. I will also
briefly describe some methods by which specific patterns of functional groups can be
incorporated into surfaces. .

In the course of this laboratory's efforts to study the molecular basis of selectivity
in protein separations on metal-complexing adsorbents (immobilized metal affinity
chromatography, or IMAC), several fundamental features of protein adsorption were
identified. Kirst, it is clear that, even for these relatively well-defined ‘pseudoaffinity'
Inatexjals, adsorption involves multiple, complex interactions between the protein and the
functional surface. Second, a realistic description of protein adsorption over a range of
concentrations must consider the surface as a heterogeneous population of binding sites.
While adsorption at low coverage is dominated by those surface sites which optimize
the number of protein-surface interactions, adsorption at higher protein concentrations
involve a different population of surface sites with much lower affinities. Furthermore,
we find that processes which manipulate the extent to which multivalent binding can

occur (e.g., metal ion loading in IMAC) present powerful Opportunities to custom-tailor
biological recognition.
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PHYSICO-CHEMICAL PRINCIPLES GOVERNING RECEPTOR-MEDIATED
SIGNALING OF CELL BEHAVIORAL FUNCTIONS

Douglas A. Lauffenburger :
Department of Chemical Engineering and Center for Biomedical Engineering -
Massachusetts Institute of Technology 66-444 o
Cambridge, MA 02139

Indeed, biology "does its work" using "specific (lock and key) reactions"
[Workshop premise memo from Buddy Ratner, 12 August 1996}, and there certainly is
tremendous promise inherent in molecular engineering of polymeric materials to direct
biological responses. At the same time, my view is that merely creating polymeric
materials offering specific lock and key reactions will be insufficient for reliably
directing biological responses. Simply providing relevant ligands for cell receptors
does not guarantee that the cells will respond with intended functions. Moreover,
generating higher concentrations of ligands, or ligands with higher affinity receptor-
binding, by no means is a generally helpful objective. Instead, more subtle design
criteria are likely to arise, derived from improved quantitative understanding of the
physico-chemical principles (for example, regarding kinetics and mechanics as well as
spatial and temporal distributions) characterizing regulation of receptor-mediated cell
functions. It is only by developing such understanding that appropriate properties can
be designed into the molecularly-engineered materials.

This lecture will outline some of the "design principles” that seem to be initially
emerging from a nascent body of quantitative studies of receptor-mediated cell
signaling processes and responses. ’ ’ ‘
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Neovascularization of cell transplantation devices: Membrane architecture-
driven and implanted tissue-driven vascularization. James Brauker, Victoria
Carr-Brendel, Laura Martinson, Susan Young, and Robert C. Johnson. Baxter Healthcare
Corp. Round Lake IL 60073

Immunoisolation is the implantation of cells within a membrane device to protect the tissues
from immune rejection. Historically, it was found that when cells were implanted within
membrane-enclosed devices, the cells were poorly supported and a classical foreign body
response surrounded the device. A constant feature of this foreign body response was a
paucity of blood vessels at the membrane-tissue interface. New vessels did form at the
more distal regions of the foreign body capsule, but nutrients had to diffuse some distance
through a field of cells that deplete the gasses and nutrients. We discovered that the foreign
body response could be altered by using membranes with specific micro-geometric
(architectural) features at the membrane-tissue interface (Brauker et al, J. Biomed. Mater.
Res. 29:1517, 1995). When membranes with these “vascularizing” features were used in
studies of rats and humans, blood vessels formed immediately adjacent to the membrane
interface. When the numbers of blood vessels (BV) per H&E stained microscope slide (a
total distance of 1.4 cm along each side of the device) were examined, in several
experiments in rats 80-100 fold more BV were found adjacent to the 5 m pore membranes
than were found adjacent to smooth surfaced controls (0.02 pum) of the same material, and
5-70 fold higher levels were seen under the same conditions in several trials in diabetic and
+ normal humans (no significant differences were seen comparing diabetics and normals).

. Although some host inflammatory cells were distributed within the geometric features of
the membrane, molecules diffusing to and from the device encountered greatly reduced

~ numbers of host cells compared to the typical foreign body response to smooth
membranes. Indeed, success at neovascularization correlated strongly with cellular
invasion of the membrane, and with a substantial number of cells having a non-flattened
morphology. :

We developed a transplantation device that had a two-layered membrane. The inner layer
was a PTFE membrane with 0.4 um pores, which was impermeable to cells but permeable
to even high molecular weight compounds (e. g. IgM and ferritin). The outer layer was a
PTFE membrane with 5 jim pores that induced neovascularization. We began a series of
studies looking at the support of tissues in the device in various animal models. It was
discovered that neovascularization of the device could be achieved even if the outer,
vascularizing membrane was not included, and that tissues survived in the device. This
effect, called tissue-driven vascularization, was not as strong as the effect of the
vascularizing membrane without implanted tissues (average 12 BV with cells but without
vascularizing membrane, vs. 23 BV without cells but with vascularizing membrane).
However, implants with both cells and vascularizing membranes had 108 BV average, a
synergistic effect in that it was almost three fold higher than the sum of the levels with
either feature individually (average 12 + 23 = 35). To more closely examine the role of the
cells and the membrane in vascularization, holes were poked in the membranes with a 30
ga. needle to allow host vasculature access to the lumen of the device. The devices, with
bilayer membranes, were implanted with or without cells, and vessels at the membrane-
tissue interface or within the device Iumen were counted. Very few BV invaded the lumen
of empty devices (average 7 BV) whereas devices with tissues were heavily invaded
(average >63 BV), indicating an angiogenic activity released from the tissues.
Interestingly, when holes were poked in the membrane, no effect of tissue-driven
vascularization at the membrane-tissue interface was seen (average 4 BV for empty devices
vs. 3 BV with tissues). These data indicate that, whatever stimulus causes
neovascularization of intact devices with cells inside is dampened when the tissues inside
are allowed to become vascularized. Moreover, even the architecture-driven vascularization
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signal must be reduced, because, even with vascularizing membranes present, the levels of
BYV at the membrane-tissue interface of membranes with holes were about 7-fold lower than
the levels from intact membranes with vascularizing layers (3 vs. 23, on average). Perhaps
vascularization of the surface requires a constant, vectoral signal that is reduced when the
lumen of the device is sufficiently vascularized.

Using the bilayer membrane, we have developed a device that protects allogeneic tissues
from rejection for over one year in rodents and humans. The device supports high
densities of implanted tissues, and has been shown to cure diabetes when allogeneic mouse
insulinoma tissues are implanted into diabetic NOD mice, and when xenogeneic rat islets
are implanted in cyclosporin-treated diabetic NOD mice. The device also supported human
fibroblasts when implanted in athymic rodents. Cells that were genetically engineered to
produce human factor IX secreted factor IX into the blood of the rodents at levels of greater
than 100 ng ml for over 200 days, reaching maximal levels as high as 600 ng/ml. The key
issue in successful transplantation of cells in devices is the metabolic support of the tissues
through close localization of blood vessels. We have achieved that goal and have ongoing
efforts underway using a cell-transplant device, called the TheraCyte™ gystem, that
employs architecture and tissue-driven vascularization towards the goal of curing diabetes
and, through the use of gene-engineered cells, genetic diseases such as hemophilia.
Moreover, we propose that the vascularizing membrane may be useful for other

technologies. For example, as a tissue-contacting surface for indwelling catheters and
glucose sensors. ‘ ’
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Protein and Cell Resistant Surfaces

by

Allan S. Hoffman
- Center for Bioengineering, Box 352255
' University of Washington
Seattle WA 98195

Abstract

There is a great need in medicine and biotechnology for surfaces which resist protein
adsorption and cell attachment, so-called ‘non-fouling” surfaces. This may be
especially true for components of medical devices and acute or chronic implants.
There are also specific needs in biotechnology for materials that are resistant to non-
specific adsorption of proteins or other biomolecules, such as for diagnostic,
biosensor, bioreactor or affinity separation systems utilizing immobilized affinity
ligands or enzymes, where non-specific interactions are undesirable.

Many different approaches have been taken to develop such "non-fouling" surfaces.
They have included the following surface treatments or deposition of coatings:

(1) neutral polymer coatings such as PEO and Dextran,

(2) anionic coatings containing charged groups such as -COO- or -SO3-,

(3) gas discharge-deposited coatings prepared from vapors of short PEG
chains, such as triglyme,

(4) self-assembled monolayers containing terminal -OH groups or short PEG
chains, and

(5) adsorbed or "blocking" proteins that appear to "passivate" surfaces.

Polyethylene glycol (PEG) is one of the most ubiquitous substances utilized for making
surfaces resistant to protein adsorption and cell attachment. Because there are so
many diverse methods for coating PEG onto polymer surfaces, this presentation will
focus on PEG, its properties and widespread uses in medicine and biotechnology (see
attached table), methods for coating it onto polymer surfaces, its behavior as a non-
fouling coating material both in vitro and in vivo, and several possible mechanisms of

its action. The use of proteins to repel other proteins and cells will also be briefly
covered.

13



Polyethylene Glycol (PEG) Incorporation
in Biomolecules and Polymeric Biomaterials

Physical Mixtures

* pore-former in drug delivery systems
e complexation with PAAc

Covalent Conjugates

Mono-functional PEGs

"stealth" proteins, biomolecules
* "non-fouling" surfaces

* "slippery" surfaces

* A-B surfactants (eg, Brij, Triton)

Homo-bifunctional PEGs

* blocks in copolymers
(eg, Pluronics,PLA/PEG, PUs)
* crosslinkers in hydrogels
* affinity-complexation crosslinkers

Hetero-bifunctional PEGs

* spacer in bioconjugates
(eg, MAb-PEG-enzyme, MAb-PEG-drug)
* spacer for immobilized biomolecules

Molecular Structures
* "Star" polymers (in solution or on surfaces)

* gels
* terminal groups in self-assembled monolayers

14




Immobilization of Biomolecules for Surface Recognition

Jeffrey A. Hubbell'

Division of Chemistry and Chemical Engineering, 210-41
California Institute of Technology

Pasadena, CA 91125

Biocompatibility can be thought of as relating to information transfer, recognition between a
material and nearby cells in a biological environment, Many of recognition signals are
biochemical in nature, based on glycoprotein or glycosaminoglyca_m structures that are either

diffusible information in the aforementioned situation; and (3) providing in a material the ability

(1) The wound healing response of the body is somewhat over-designed for the modern medical
context in which many ‘injuries' are performed intentionally in the form of surgery. In these

interruption of the wound healing that follows balloon angioplasty to treat coronary artery
disease. Polymers were designed to be placed conformally upon the surface of the
therapeutically injured artery before re-exposure to blood flow: the purpose of this manipulation
is to block the early deposition of thrombus, which may be related to the later development of
intimal thickening, the scar equivalent in the blood vessel. The requirements of these polymers

include ability to conform to the arterial surface remaining adherent under blood flow and the

(2) Having accomplished the obscuration of information as described in the preceding
paragraph, one would seek to display recognition signals that would lead to the appropriate

healing outcome, £.8. 1n this arterial environment re-endothelialization without intimal

take away the pro-thrombogenic character of the injured arterial surface and replace it with one
that promotes re-endothelialization. One might also consider the provision of diffusible
information to the arterial intima from intra-arterial materials. Approaches using materials with

spatially controlled permeability to target delivery to the arterial media, but not the blood in the
lumen of the artery, will be discussed.

() The approaches in the two preceding paragraphs relate to the biomaterial either blocking
information (the first example) or sending information (the second). One would also like a
biomaterial to be able (o receive information from cells and tissues in a healing response. To
begin to address this, we have sought to understand the ways in which proteinaceous
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biomaterials are remodeled by cells in healing responses, and to mimic this behavior in synthetic
biomaterials. This was accomplished by designing materials with protease (collagenase,
plasmin)-sensitive sites in the backbone, such that proteolytic attack lead to the bioerosion of a
crosslinked hydrogel. Using this approach, it may be possible to permit the healing response to
remodel a material and thus allow a true, two-way communication between material and body in
a wound healing, medical implant or tissue engineering environment.
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Self-Assembly in Polymer Systems

o ‘ David W. Grainger
Department of Chemistry, Colorado State University, Fort Collins, CO 80523-1873
' e-mail: grainger@lamar.colostate.edu

Ultrathin Polymer Adlayers

The tremendous increase in research activity in organic thin films, accorded to new, rapid
developments in fabricating organic adlayers on metal and metal oxide supports (e.g.,
alkylthiols and alkylsilanes), has promised new applications and technologies using these
materials. The research literature is replete with fundamental studies of organic
monolayers, delineating their self-organzing properties. However, in many relevant
application environments, it is becoming clear that simple monomeric organic overlayers
are not robust or otherwise suitable. In addition, the exquisite ordering and organizational
properties of the more conventional monomeric films may not always be required for
certain applications, particularly if order cannot be stabilized. Wel-4 and others>-7 have
reported alternative organic thin film systems based on immobilized polymer monolayers.
The strategy shares the features of conventional "self-assembly" approaches in that alkyl
anchors are used for substrate immobilization. Mulitple anchors on each polymer ensure
a cooperative binding event, with the result that these polymers are able to withstand
conditions that readily remove monomer adlayers. Additionally, the polymer backbone

can also bear functional side chains exposed at the polymer-ambient interfacel-4, allowing
expression of particular functional properties at the surface of the immobilized polymer

film. We have shown for example that both hydrophilic (e.g., PEG)8 and hydrophobic

(perfluoroalkyll,3 and perfluoropoly ether2) side chains can be "presented" by the polymer
monolayer to the ambient interface upon substrate binding. In the case of the
perfluorinated chemistries, significant surface enrichment of fluorine chemistry is
observed in the outer 15A of the film. In addition, our new work shows that at high
grafting density, these perfluorinated chains are oriented with an anisotropic alignment
perpendicular to the interface. While the polymer monolayers suffer from lack of absolute
in-plane organization, the layers are stabilized by cooperative anchoring to a common
substrate and can be ordered predictably into stratified systems only 30A thick yet of
defined layers. Such monolayers of these grafted polymers may be suitable then for
applications in friction reduction, adhesion and molecular approaches to other ultrathin
film technologies.

Adsorption
Assembly

® @

Solid Substrate Solid Substrate

Figure: Scheme for the formation of ultrathin polymer layers on solid supports.
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Use of Ultrathin Organic Thin Films to Control Biological Response

Ultrathin, highly organized alkylthiol monolayers may prove valuable as surface
modification agents for modeling reactions to the biomaterials interface. While it is
not yet clear if these materials will be robust enough to withstand oxidative
environments, including those encountered in the healing response in vivo (e.g.,
the macrophage respiratory burst), our experimental approach has attempted to
combine such well-defined interfaces with new work on protein adsorption, cell
growth and gene expression studies. Our aim is to improve the understanding of
molecular surface determinants for adhesion-dependent cell growth and
_proliferation. ’ : -

Surfaces of a variety of well-controlled alkylthiol chemistries have been used to
monitor extracellular matrix molecule (ECM), specifically fibronectin, deposition
and conformation in the presence and absence of competing proteins. Relative
levels of ECMs deposited on surfaces were assessed using radiolabeled proteins and
exposure of fibronectin's cell binding domain was assessed using a radiolabeled
monoclonal antibody. Fibroblast adhesion, spreading and growth was also
investigated as a function of serum protein adsorption and surface chemistry. Stress
fiber and focal contact formation was determined by immunostaining of acfin
filaments and vinculin. : | :

l
Distinct differences observed in cell adhesion are alkylthiol substrate-chemistry -
dependent. Cell spreading, as measured by formation of focal contacts and stress
fibers was also observed to be surface-chemistry dependent. This is attributed to
fibronectin adsorption levels and conformation on surfaces of differing chemistry.
A Scatchard plot analysis was used to monitor the availability of fibronectin’s cell
binding domain (monoclonal antibody probe) on various alkylthiol monolayer
surfaces. The relative differences in amounts of cell binding domain available vary
as a function of surface chemistry. Results indicate that differential cell attachment
and spreading on derivatized surfaces are mediated through modulations of
adsorbed ECM molecules (e.g., fibronectin). Current work using
immunocytochemistry will focus on changes in recruitment and activation of signal
transduction molecules to focal adhesion contacts and changes in cell mRNA and
protein levels for genes essential for growth.
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- Biomaterials by Design: Hybrid Solids, Multifunctional Polymers, and
‘ Supramolecular Materials

S. |. Stupp

Departments of Materials Science and Engineering
and Chemistry
Beckman Institute for Advanced Science and Technology
Materials Research Laboratory
University of llinols at Urbana-Champaign

‘Molecular design targeting specific properties and biological response has niot
played an important role so far in the development of blomaterials. Most biomaterials
used currently to fabricate implants or to repair dental tissues were developed for other
technologies. Molecularly designed biomaterials could become important in a few
decades if a compelling case ¢an be made for them against the pressures of FDA
regulations and litigation concems of manufacturers. This lecture will describe briefly
our initial research efforts in designed biomatsrials, starting first with artificial bone
materials syntheslzed by nucleation and growth of apatites in solutions of poly(amino
acids). A second example to be discussed involves the synthesis of multifunctional
monomers designed to mediate biological response. This will be followed by a
discussion of supramolecular materials discovered in our laboratory which yield self
assembling multilayered films with interesting bulk and surface properties. We are

currently adapting these systems for specific targets in biomaterials, particulady as
components in matrices for tissue engineering,
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Scanning Force Microscopy in Molecular Engineering of Polymers

Atsushi Takahara, Noppadol Khuwattanasil, Shouren Ge and Tisato Kajiyama
Department of Chemical Science and Technology, Faculty of Engineering,
Kyushu University Higashi-ku, Fukuoka 812-81, Japan
E-mail: takahara @cstf.kyushu-u.ac.jp

The development of many new types of scanning probe microscope (SPM) gave us the possibility of
nanofabrication and nanoprocessing of polymeric solids. In the case of inorganic crystals, the atomic scale
surface modifications have been reported. In this workshop, the application of scanning force microscopy
(SFM) to molecular engineering of polymers is discussed. Particularly, the summary of our research on two-

dimensional control of surface structure of mixed organosilane monolayers1»2) and the electric field induced

fabrication of poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF/TIFE)) film by sPm3) were presented.
Most of the SFM images were obtained by SPA 300 with SPI 3700 controller (Seiko Instruments Industry
Co., Ltd.) at room temperature. ‘

Characterization and Two Dimensional Surface Structure Control of Organosilane
Monolayers1:2) ,

Alkyltrichlorosilanes, [2-(perfluorooctyl)ethyl]trichlorosilane (FOETS) and their mixed monolayers were
polymerized on the water subphase and were covalently immobilized onto the silicon wafer surface.
Scanning force microscopic (SFM) observation of the (octadecyltrichlorosilane(OTS)/FOETS) mixed
monolayer revealed that the crystalline OTS formed circular domains of ca. 1-2 um in diameter, which were
surrounded by an amorphous FOETS matrix.  The (alkylsilane/FOETS) mixed monolayers with shorter alkyl
chain length such as n-dodecyltrichlorosilane (DDTS) did not show the phase-separated structure.  SFM
observation of the [ crystalline fatty acid (non reactive) / FOETS (reactive)] mixed monolayer also revealed the
phase-separated structure. The crystalline fatty acid domain in the immobilized mixed monolayer was
extracted by solvent and then, the ghost monolayer of FOETS with the holes of ca. 1-2um in diameter was
finally obtained. The (Si/FOETS) patterned surface was modified by the chemisorption of (3-mercaptopropyl)
trimethoxysilane (MTS) with thiol groups (SH), and then, the (MTS/FOETS) mixed monolayer with SH groups
was formed. The adsorption of bovine serum albumin (BSA) was carried out by immersing the immobilized
mixed monolayers into a BSA solution. BSA was adsorbed onto the MTS part séledtively due to a specific
reaction between disulfide bond (-S-S-) in BSA and SH groups in MTS, whereas BSA adsorbed preferentially
at FOETS in the case of (FOETS/OTS) mixed monolayer. Also, the patterned formation. of micfdcry?stals on
mixed monolayer system was reported.

Nanoabrication and Characterization of Ultrathin Polymer Films by SFM3)

Poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF/TIFE)) was chosen as the material for
nanofabrication because an application of an electric field might induce the phase transition of the ultrathin
P(VDF/TIFE) films. That is, it is expected that an applied electric field to the ultrathin films by the conductive
SPM tip can change the local orientation of dipole moment. Electric field-induced nanofabrication was carried
out for the as-cast P(VDF/TIFE) films with ca. 10 nm thick by utilizing AFM.  The change in surface potential
after an application of electric field was investigated with a scanning maxwell stress microscope (SMM). After
the application of DC electric field of 500MV m-1, the change in surface potential was observed for the
scanned area. This suggested the electric field induced orientation of CF5 dipole.
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Surface Modification with Peptide Amphiphiles
M. Tirrell, G. Fields, P Berndt, Y.-C. Yu
Biomedical Engineering Institute
University of Minnesota
Minneapolis MN 55455

‘Biomolecules are remarkable in their capz;ibility to self-assemble into well-defined and
intricate structures. The most intriguing self-assembly process is the folding of peptide

chains into native protein structures. The fundamental building blocks in proteins are not ,

- simple canonical secondary structures (such as a-helices and B-sheets), but characteristic
assemblies of secondary structural elements. Among the protein assemblies are the simple
B/ouB motif, the hairpin, and the o-helical coiled-coil, as well as the more complicated four
a-helical bundle, the doubly wound B-sheet, the Jelly roll, and the Greek key. Many
researchers have attempted to create protein-like assemblies for the purpose of studying
protein folding. In addition, functional synthetic proteins have been created from desi gned
assemblies. The most common assembly used for protein design is the four a-helical
bundle, which has been developed as a synthetic enzyme, for redox catalysis, for antibody
production, as ion channels in lipid bilayers, and as surface mimetics of human class I
MHC. The collagen-model triple-helix has also been used for functional protein design.
Synthetic triple-helical proteins have incorporated type IV collagen sequences that promote
adhesion and spreading of tumor cells, type I collagen sequences that promote adhesion of
fibroblasts, type III or IV collagen sequences that induce the aggregation of platelets, and
macrophage scavenger receptor sequences that bind acetylated low-density lipoproteins.

Peptide-amphiphiles with collagen-model head groups and dialkyl chain tails have
been synthesized and shown to self-assemble into highly ordered polyPro II-like triple-
helical structures when dissolved in aqueous subphases. Evidence for this self-assembly
process has been obtained from (a) compression of stable peptide-amphiphile monolayers
to molecular areas comparable with triple-helical areas, (b) circular dichroism spectra and
melting curves characteristic of triple-helices, and (c) two dimensional NMR spectra
indicative of stable triple-helical structure at low temperatures and melted triple-helices at
high temperatures. The thermal stability of the collagen-like structure in the peptide-
amphiphile is substantially higher (AT}, = 15-20°C) than that of peptides without lipidation.
The assembly process driven by the hydrophobic tail may provide a general method for

creating well-defined protein molecular architecture using a minimalist peptide-based

approach. Peptide amphiphiles on surfaces form composition-dependent domains and a
non-monotonic cell spreading with composition.
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Poly(lactic acid-co-amino acid) Graft Copolymers:
Novel Polymers for Biomedical Applications '

Jeffrey S. Hrkach

Massachusetts Institute of Technology
Department of Chemical Engineering

The interaction between biomaterials and various components of the body is a
central issue in biomedical applications including tissue engineering and the controlled
delivery of bioactive agents/drugs. The biomaterial that supports, protects, or directs the
delivery of the cells or bioactive agents plays an active and integral role in the success or
failure of the desired application. No longer can researchers depend upon "off the shelf" -
polymers/biomaterials to serve the purpose, instead the biomaterials must be designed with
the appropriate characteristics, and in particular their surface properties, required to
maximize their performance via controlled, favorable interactions with the body.

Towards this goal, poly(lactic acid-co-lysine-graft-amino acid) comb-like graft
copolymers, which are composed of a linear backbone of lactic acid and approximately 2
mol% lysine (PLAL) with poly(amino acid) side chains extending from the lysine sites
have been synthesized (see structures below). The incorporation of the amino acid chains
into the poly(lactic acid) structure imparts new properties to poly(lactic acid) based
materials, without losing the beneficial properties that make poly(lactic acid) so successful.
The changes depend upon the particular amino acid used as wel] as the poly(amino acid)
chain length and overall composition within the copolymer. Poly(lactic acid-co-lysine-
graft-lysine) (PLAL-LYS) possesses amine functionalities and poly(lactic acid-co-lysine-
graft-aspartic acid) (PLAL-ASP) offers carboxylic acid groups which can be used as sites
for further chemical modification, thus providing the opportunity for the attachment of
biologically active molecules that can actively promote favorable cell-polymer interactions,
a feature very much sought after in tissue engineering. Also, when used in drug delivery
systems, these polymers can potentially increase the level of agent incorporated, provide
greater stability for its delivery, or be modified to target delivery to a particular site within
the body . An important point is that these biomaterials will degrade in the body to yield
naturally occurring lactic acid and amino acids, therefore alleviating the concerns of their -
long term biocompatibility.

In order to study the potential for these polymers to promote favorable interactions
for cell attachment in tissue engineering, studies involving the preparation of polymer
films, their modification through the attachment of biologically active signaling molecules
(RGD, IKVAY), and the attachment of cells (endothelial, nerve, bone) on the modified
films are in progress. : '

~In addition, the properties imparted to the copolymers through the combination of
the poly(lactic acid) backbone with the poly(amino acid) side chains make them potentially
useful as carriers for the controlled and targeted delivery of bioactive agents/drugs,
therefore, the preparation and characterization of microparticles and nanoparticles from
these novel copolymers have been investigated.

0 0] (0]
A« I = f I
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PLAL : PLAL-graft-amino-acid
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Peptides for Directed Healing ; :
Frederick Cahn, Ph.D., James Glass, Ph.D. and Michael Pierschbacher, Ph.D.

Previously, biomaterials used in tissue engineering and medical devices were limited by the
inherent properties of certain natural materials (e.g. collagen, hyaluronic acid) or on the
non-specific behavior of synthetic polymers. For example, as shown by Yannas and Burke,
the natural polymers collagen and chondroitin-6-sulfate can be combined to form a skin
replacement system that permanently replaces injured skin with functional autologous
tissue. This product, now known as INTEGRA™ Artificial Skin, received approval of its
premarket Approval Application from FDA on March 1, 1996 and represents the first
tissue engineering product to reach the clinical market through the FDA premarket
approval process. This product is designed as an aid to early excisional treatment of full
thickness burns where sufficient autograft is not available to close the excised wound..
Clinical advantages include immediate availability “off the shelf” to support rapid excision
therapy for extensively burned patients, rapid physiological recovery of the patient,
minimal need for autologous donor tissue, excellent outcomes, and cost effectiveness. The
specific biological properties of this product, which promotes tissue ingrowth without
causing an inflammatory response, are determined by controlling the pore size and
degradation rate of the crosslinked collagen-glycosaminoglycan copolymer.

Our second generation of tissue engineering technology is based on modifying the
collagen-glycosaminoglycan chemistry by covalent linking with designed specific integrin
binding molecules containing the RGD amino acid sequence (or its analogues), while
retaining the control of pore size and degradation rate. This approach is feasible since in
the absence of such bound molecules, the collagen-glycosaminoglycan matrix has low
inherent binding activity for most types of cells. We have an extensive library approaching
1000 compounds that are used to select for the desired biological activity. Our library has
RGD-containing pharmacophores that selectively bind the integrins owBs, oPs, asP, and
amP3 and others that non-selectively bind all integrins. We have created these RGD-
containing cyclic peptides and mimetic compounds that are selective for integrins by using
competitive ELISA with pure receptors as a screening assay to develop an extensive
structure-activity relationship (SAR). Modulation of the chemical moieties flanking an
RGD sequence constrained in a ring structure confers selectivity, presumably by
influencing conformation stability and the chemical environment surrounding the RGD
epitope.

Integrins are excellent targets for these modified extracellular matrix analogues since they
are cell surface receptors that mediate adhesion to the extracellular matrix and transduce
signals into the cell interior. Adhesion to specific extracellular matrix molecules through
integrins promotes a variety of cellular functions including proliferation, differentiation,
gene regulation, and adhesion-dependent cell survival. Examples of this activity include
integrin .83 which has been shown to be involved in regulation of angiogenesis, in
potentiation of growth factor effects, in migration of fibroblasts during dermal wound
repair and in preventing apoptosis in some instances. The osB; integrin enhances the
survival of various types cells by protecting them from apoptosis after serum withdrawal.
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Other integrins, including another fibronectin receptor, the a,B; integrin, do not have this
effect. Because the integrin profile is distinct on different tissue types and each integrin -
may be involved in distinct regulatory pathways (i.e. o33 involvement in growth factor
attenuation) and because cross talk among a combination of integrins and other signals
unique to a particular tissue environment is known to take place, targeting a specific
integrin could have distinct benefits for selective cell recruitment depending on the tissue
being targeted for regeneration. As a part of an ongoing effort to create regenerative

therapeutics, we have created a variety of prototypes using RGD compounds and
-biodegradable polymers. SR ' ’

Our clinical objective is a one step skin replacement procedure that is permanent and
autologous, with added advantages of more rapid dermal regeneration, elimination of the

epidermal autografting procedure, reduced length of stay in the hospital, improved cost
effectiveness, and a reduced need for autologous donor tissue. ' '

24




: Endothelial Cell Interactions with Model Surfaces:
Effect of Surface Chemistry and the Adsorbed Protein Layer

C.D. Tidwell*, AM. Belu*, B.D. Ratner*, B. Tarasevich, and D. Allara

*University of Washington, Center for Bioengineering, Seattle, WA 08195
Pennsylvania State University, Dept. of Materials Science and Dept. of Chemistry
University Park, PA 16802

The role of surface chemistry and the effect of adsorbed proteins in promoting cell growth
is an active area of investigation, with contradictory results often reported. Many studies have
been performed in an attempt to correlate endothelial cell growth with substrate properties and with
properties of the adsorbed protein layer. The attachment and growth of endothelial cells onto
synthetic surfaces has been associated with various surface properties including wettability,
electronegativity, morphology, and chemical composition.  Since protein adsorption from serum-
containing culture medium occurs rapidly, differences observed in cell growth on surfaces are
likely due to differences in the adsorption of serum proteins or cell-derived proteins to the polymer
surface. Surface properties can affect the amounts and types of proteins bound as well as the
conformation, orientation, and/or binding strength of the adsorbed protein. For cells such as
endothelial cells, which secrete and assemble an extracellular matrix (ECM), polymer surface
properties may affect the ability of the cell to deposit its ECM by stabilizing the protein deposits or
by affecting the orientation of cell-binding domains in the deposits.

In this study, a series of terminally functionalized alkanethiol self-assembled monolayers
(SAMs) and their binary mixtures were used as model surfaces to probe the role of specific
chemical functional groups in mediating interfacial biological interactions, specifically serum
protein adsorption and endothelial cell growth. Homogenous SAMs of X(CH,),,SH on gold with
X = -CH,;, -CH,0OH, -CO,CH,, and -CO,H were studied as well as mixtures (3:1, 1:1, 1:3
targeted surface concentration) of the SAMs with functional groups -CH,/-CO,H and -OH/-CO,H.
TOF-SIMS, ESCA, contact angle, IR and ellipsometry confirm the presence of the expected
functionalities on the SAM surfaces. The growth of bovine aortic endothelial cells (BAEC) and the
role of two serum proteins, albumin (Alb, a non-adhesive or blocking protein) and fibronectin (Fn,
an adhesive protein) was evaluated. The effect of chemical functionality on the adsorbed protein
layer was evaluated by measuring the amounts of each protein bound and the tightness of binding
(determined by resistance to SDS solubilization) on the SAM substrates.

For the homogeneous SAMs, BAEC growth varied significantly with surface chemical
functionality. Cell growth increased in the following order: -CH,0OH < CO,CH,< CH;<< -
COOH. Homogeneous SAM cell growth levels were generally lower than on tissue culture
polystyrene suggesting that multiple chemical functionalities are a likely requirement for cell
growth. The observation of significantly increased cell growth on mixed SAM surfaces compared
with most of the homogeneous SAMs supported this hypothesis. Significantly, high cell growth
levels were observed on mixed SAM surfaces containing high levels of a poor cell growth
component (i.e., 3:1 CH,OH /COOH).

Protein interaction studies demonstrated variations in protein adsorption and retention in
response to SAM terminal functional group type and concentration. Relationships between cell
growth and protein interaction characteristics were observed. Surfaces promoting cell growth
demonstrated low to moderate Alb retention (weak Alb binding strength) and higher levels of Fn
adsorption. These surfaces may encourage cell growth by permitting subsequent adsorption of cell
derived or other adhesive proteins which promote cell growth onto, or after displacement of, the
initially adsorbed protein layer. Cell growth cannot be correlated with any single aspect of the
adsorbed protein layer, rather many factors contribute to the promotion or inhibition of cell growth.
Further studies are in progress to elucidate the mechanisms involved in protein interactions with
specific functional groups and their relationship to cell growth patterns.
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Neurons on Patterned Microstructures

Richard S. Potember
The Johns Hopkins University
Applied Physics Laboratory
Laurel, Maryland 20723

Abstract

The interface between biological systems and engineered materials is a key

element of biotechnology. Photolithographic techniques, adapted from
semiconductor technology, together with surface chemistry have provided a reliable
way to fabricate surfaces with high-resolution, By modifying the growth surfaces |
with an extra-cellular matrix (ECM) molecule laminin, we demonstrated neuronal
attachment and neuzite outgrowth for both central and peripheral neurons.

Substrates were fabricated by preferentially absorbing a whole laminin

molecule to the micropatterns of hydrophobic surfaces. However, this methodology
did not allow the controlled attachment of laminin; and given that laminin is a
large molecule (MW:~1,000,000), it does not specifically attach to the substrate with
its neurite promoting domain facing the growth surface.

We have applied a smaller molecular weight synthetic peptide derived from
a functional domain of laminin. We have covalent]

To make the surface bioactive, a synthetic peptide P1543, (a neurite promoting
domain of the B2 chain of laminin), was covalently attached

to the terminal amine
using the crosslinker, glutaraldehyde. A synthetic peptide P364 served as a control
peptide and was patterned in the same manner.

Although all types of patterned substrates had the ability to modulate «
neuronal morphology, we found that only substrates patterned with peptide P1543
promoted directional outgrowth of long (~ 150 um) neurites. Neurons on patterned
P364 substrates extended shorter neurites that resembled thoge cultured on
patterned RGD-peptide substrat o
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EVALUATION of PROTEIN COMPETITIVE ADSORPTION on PATTERNED
POLYMER SUBSTRATES STUDIED by ToF SIMS, XPS and
RADIOLABELING,

J-B &.tho_es_t'. E. Detrait”, P. van den Bosch de Aguilar” and P.
Bertrand'.

Université Catholique de Louvain

(") Unité de Physiéo-Chimie et de Physique des Matériaux (PCPM), place croix du sud
1,1348 Louvain-la-Neuve, Belgium.

(") Unité de Biologie Animale (BANI), place croix du sud 5, 1348 Louvain-la-Neuve,
Belgium.

It has been proposed that one of the main keys for the
understanding of cell-substrate interaction is the competitive
adsorption between proteins and surfactants at the surface. To
check this hypothesis, polystyrene (PS) substrates were
heterogeneously modified by plasma treatment through masks.
This treatment allows the creation of alternate hydrophilic
(modified by plasma) and more hydrophobic (unmodified) areas. The
samples were further conditioned with solutions containing a
protein (fibronectin) and a surfactant (pluronic F68). Different
solutions with varying concentrations of both components were
tested and the protein/surfactant competitive adsorption induced
was characterized by time of flight secondary ion mass
spectrometry (ToF SIMS), X-ray photoelectron Spectroscopy (XPS)
and radiolabeling. The surface concentrations were followed for
the different solutions in the modified and in the unmodified areas,
By this study, optimal protein and surfactant solution
concentrations were determined so that protein adsorbs only on the
modified areas while surfactant covers uniformly the unmodified
enes, Cell culture on those substrates revealed cell adhesion
conirast for almost all the treated samples. However, It was found
that optimum contrast (cells adhesion only in the modified tracks)
was reached for solution concentrations corresponding to the
optimal conditions determined for protein adsorption.

27



Macroscoplc and Molecular Control of Cell Behavior
in Hepatic Tissue Engineering

Linda G. Griffith
Associate Professor
MIT Department of Chemical Enginesring

Much current research in biomaterials is directed toward covalently modifying
materials with small peptide adhesion ligands to enhance cell adhesjon and migration,
There are a Jeast two advantages to a complementary approach
are normally soluble and thus internalized and degraded by cells, One advantage is
selectivity. We exploit this in making carbohydrate-modified materials for liver tissue
engineerin 8 in which we have demonstrated that cells attach, spread, and differentjate on
surfaces bearing a simple carbohydrate ligand reco
the asialoglycoprotein (ASGP) receptor. In this case, cellular response is governed by the
mobility of the ligand on its “tether", polyethylene oxide (PEO). A second advantage in the
case of ligands such as growth factors, which signal the cells to grow and migrate upon
appropriate binding to a cell-surface receptor, is that a cell may respond in a more
controlled fashion to a tethered ligand than to a soluble one. For example, we have tethered

epidermal growth factor (EGF) to a solid substrate ip a Inanner permitting the factor to
retains its biological abtivity as assessed by both mitogenic and morphological assays.
Tethered EGF was as effective as soluble EGF in eliciting DNA synthesis and cell
rounding responses of primary rat hepatocytes under different surface conditions.
Presentation of growth factors in this manner may help to expedite their clinical use by -
permitting greater contro} of temporal and spatial availability in the extracellular

environment. Such approaches also provi
responses.

- tethering ligands which

gnized by an hepatic-specific receptor,

de a new too} for studying receptor-mediated céll

We are integrating these molecular approaches with a new solid-free form
environment. Such apprbaches also provide a new tool for studying receptor-mediates ce]l
responses.

We are integrating these molecular approaches with a new solid-free form
processing technique, 3 Dimensional Printing, to create complex architectures from
degradable materials, with an eye toward accomplishing in vitro organogenesis of

vascularized tissue. This presention will discuss applicatioris of these concepts to hepatic
tissue engineering,
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Domain Recognized Protein Adsorption onto Organosilane Monolayers

Atsushi Takahara, Shouren Ge, Ken Kojio, Tisato Kajiyama
Department of Chemical Science and Technology,
Faculty of Engineering, Kyushu University,
Higashi-ku, Fukuoka 812-81, JAPAN
E-mail: takahara@cstf.kyu‘shu-u.ac‘.jp

Octadecyltrichlorosilane (OTS, CHg(CH2)17SiCl3), [2-(perfluorooctyl)ethyljtrichlorosilane (FOETS,
CF3(CF2)7CH2CH,SICl3) and their mixed monolayers were polymerized on the water subphase and were
subsequently immobilized onto the silicon wafer surface by covalent bonding1-3). Atomic force microscopic
(AFM) observation of the (OTS/FOETS) mixed monolayer revealed that the crystalline OTS formed circular
domains of ca. 1-2 um in diameter, which were surrounded by an amorphous FOETS matrix.  The protein
adsorption behavior onto the monolayers was investigated in situ on the basis of an attenuated total
reflection Fourier transform infrared (ATR-FT-IR) spectroscopic flow cell method and the morphology of
adsorbed bovine serum albumin (BSA) on ‘monolayer surface was observed by an atomic force microscopy
(AFM). The results from ATR-FT-IR flow cell method revealed that the amount of adsorption of BSA onto OTS
and FOETS monolayers increased remarkably in an initial stage of experiment and attained an equilibrium
within a few minutes at pH=7.5. The equilibrium adsorptnon amount was about 0.25 pg. cm2, However, in
the case of the (OTS/FOETS) mixed monolayer, the amount equilibrium adsorption of BSA was suppressed.
AFM observation revealed that BSA selectively adsorbed onto the FOETS phase of the (OTS/FOETS) mixed
monolayer at pH=7.5, which has a higher interfacial free energy aAgainst water, while BSA adsorbed
homogeneously onto the OTS and FOETS phase at the isoelectric point of BSA (pH=4.7). The similar
phenomena was also confirmed from the in situ AFM observation of BSA adsoption onto mixed monolayers.
These results indicate that the minimization of interfacial free energy between monolayer surface and
solution, and the electrostatic repulsion between negatively charged adsorbed BSA and negatively charged
BSA in solution is origin for the case of the selective adsorption of BSA onto the FOETS phase in the
(OTS/FOETS) mixed monolayer system.
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CHARACTERIZATION OF REGD PLASMA DEPOSITED ALLYLAMINE FILMS AS A
SUBSTRATE FOR IMAGING DNA WITH ATGMIC FORCE MICROSCOP

Michael D. Garrison’; Hiroki Yokota’, and Buddy D, Ratner!
ICenter for Bioengineering, University of Washington, Seattle, WA 98195
“Dept. of Molecular Biotechnology, University of Washington, Seattle, WA 98195

Abstract

The atomic force microscope (AFM) is an important tool for the investigation of
surface bound DNA. Using the AFM, DNA can be imaged in a vatiety of buffer

conditions, coiled or stretched, and tightly or loosely bound to the surface."? However,

solution, or by direct chemical means via amino ferminal silanes (eg. 3-
aminopropyltrietho%'s‘ ane)’# -
, thes

In general e types of processes are pootly controlled. ‘The procedures are

highly dependent on the surface history, temperature, type of DNA under investigation,

and other buffer components. In addition, silane chemistry contamination such as
incomplete hydroxyl formation, solution-phase polymerization, and incomplete rinsing of

reactive material can often lead to the formation of large silane islands on the surface. This

result increases the surface roughness, rendering the substrates unsuitable for AFM
imaging, .
Polymer films prepared by radio frequency glow discharge (RFGD) offer man
advantages as a substrate for ARM imaging of DNA.* The films can be mad
and defect free. The surface chemistry can be controlled by the monomer choice. The
presentation of specific function groups at the surface can be controlledby
conditions. The films can be deposited on virtually any substrate, and the

. The opography and morphology
of the allylamine films was assessed using the AFM. The surfac%ri%enﬁcal composition
and presentation was determined by electron spectroscopy for chemical analysis (ESCA).

I i surface nitrogen presentation was
aramters are discussed and images of
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SYNTHESIS, STRUCTURE AND SURFACE DYNAMICS OF
PHOSPHORYLCHOLINE CONTAINING BIOMIMICKING SURFACES

L. Ruiz*, { Hilborn, H.J. Mathieu

Matenals Department Swiss Federal Institute of Technology (EPFL),
CH-1015 Lausanne, Switzerland.

Polymers have since long been recognized to be of primary importance for biomedical
applications. However, one major restriction to applications is their tendency to exhibit
thrombogenic propertles The challenging trend emerging from the recent abundance of activity
in enhancement of surface biocompatibility consists in designing polymers with surfaces that
can mimic the external cell membrane properties. This strategy [1-5] is based on the
introduction of the cell membrane constituents such as phosphorylcholine or phospholipid
analogues into polymer systems. Earlier research work has demonstrated that the presence of
phosphorylcholine (PC) groups impedes on proteins adsorption and cell attachment at the
surface. .Cell adhesion could also be significantly reduced on substrates coated with a
poly(urethane) and phosphorylcholine based polymer, even in protein enriched media [6].

The present study is part of a project which aims to control the biospecificity of
polymer surfaces towards cell attachment in a biological environment. The objectives here,
with respect to the previous study [6], are to increase the synthetic flexibility of cell membrane

mimicking polymers and suppress non specific cell binding on the surface of a reference
substrate.

A terpolymer System based on acrylic monomers was chosen to permit an adaptation
of the final synthesized polymer. The choice of methyl methacrylate (MMA) and methyl
acrylate (MA) as principal components should enable to adjust the matrix mechanical properties
to the applicatioﬁ needs. Surface properties of the terpolymer with respect to cell attachment
can be controlled by copolymerization with 2-acryloyloxyethyl phosphorylcholine (PCA). The
PCA monomer was synthesized from hydroxyethyl acrylate and 2-chloro-1,3,2-
dioxaphospholane-2-oxide in dry tetrahydrofuran, using triethylamine as acid acceptor,
followed by the reaction of the intermediate product

2-(2-ox0-1,3,2- dloxaphospholoyloxy)ethyl acrylate 0 :
(02
/
with trimethylamine in acetonitrile under pressure. \/U\O/\/O\ll: O i —
Nuclear magnetic resonance of the proton (!H- g \

NMR) in D0 confirmed the structure of this new

monomer (Fig. 1). Radical copolymerisations of

Fig. 1. Structure of the PCA monomer.

* Corresponding author: Fax: (41-21) 693 39 46
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MMA, MA and PCA initiated with o, 0-azoisobutyronitril was performed in solution in sealed
tubes.

Bulk characterisation of the synthesized terpolymer was done by IH-NMR, elemental
analysis and gel permeation chromatography. These amphiphilic polymers exhibit structural
organization in selective solvents as shown by IH-NMR. In polar solvents the PC part of the
PCA unit sticks out into the solution, whereas in non polar solvents a "flip-flop" in
morphology prompts these groups to agglomerate into miscellar domains.

This amphiphile nature of the polymers was also reflected in their surface behaviour
observed by x-ray photoelectron spectroscopy (XPS) and time of flight secondary ion mass
spectrometry (Tof-SIMS). In the more likely apolar medium produced by the high vacuum,
highly sensitive ToF-SIMS measurements of the top surface did not clearly show a typical
fragmentation pattern of the PC unit whereas the phosphorus atomic concentration could be
quantified by the angle resolved XPS technique. These results strongly suggest that the PC
groups are buried/hidden from the surface in a non polar environment.

Biocompatibility of the PCA containing terpolymer surface was assessed through in-
vitro experiments with nerve cells (NG108-15 cell line) and compared to the PCA free
copolymer surface properties. Interestingly, these experiments have demonstrated in a
reproducible way that a very low detectable PCA surface concentration is sufficient to

efficiently prevent non specific cell adsorption at the surface in both serum containing and
serum free media. :

In conclusion, the self-organization of PCA containing polymers and the high mobility
of the phosphorylcholine groups upon its environment provides a very complié_int surfacé of the
polymer which seems to play a vital role for cells interactions. / |

The authors thank P. Aebischer and his group, Division of Surgical Research, Lausanne Uriiversify'
Medical School, CH-1011 Lausanne (Switzerland), for their help with the in-vitro experiments.
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Protein Adsorption and Cell Growth on Fluorocarbon Surfaces

David G. Castner, Caren D. Tidwell, and Buddy D. Ratner
; National ESCA and Surface Analysis Center for Biomedical Problems
Department of Chemical Engineering and Center for Bioengineering, Box 351750
University of Washington, Seattle, Washington 98195

Mei-Wei Tsao and John F. Rabolt
Materials Science Program, Spencer Laboratory
University of Delaware, Newark, Delaware 19716

In vascular surgery, the success of synthetic small-diameter grafts (<5 mm) has
been limited, especially under the low flow conditions present in peripheral
locations. Expanded polytetrafluoroethylene (ePTFE) is a common material used to
fabricate synthetic small-diameter grafts and one approach to improving their
patency has been to enhance the growth of endothelial cells on the luminal surface.
PTFE surfaces typically do not promote endothelial cell growth, therefore surface
modification strategies that promote the growth of a confluent layer of endothelial
cells on the graft lumen should improve graft patency. Our surface modification
strategies have two motivations. First, multifunctional surfaces are required to
produce optimal cell growth. PTFE surfaces are comprised solely of CF, groups,
which can lead to nonspecific interactions between it and biological molecules. By
increasing the complexity of the surface (e.g., mixtures of CF, and CF; groups) it
may be possible to generate sites that will interact specifically with desired proteins
and cells. Second, the the strength of protein binding is important in cell
attachment and growth. Proteins that promote cell attachment and growth should
bind tightly enough to the surface to provide a strong base for cell growth, but still
remain in a conformation that allows for specific cell attachment.

Skived PTFE films and self assembly of fluorinated thiols onto gold provided
homogeneous surfaces of CF, and CF; groups, respectively. Radio frequency glow
discharge (RFGD) of C,F;, C3F¢, and C3Fg monomers was used to deposit films
containing mixtures of CF, and CF; groups. The surface structure and composition
of each material was characterized using X-ray photoelectron spectroscopy (XPS),
static time-of-flight secondary ion mass spectrometry (ToF-SIMS), and near edge X-
ray absorption fine structure (NEXAFS). The total amount of protein adsorbed by
the fluorocarbon surfaces was measured using radiolabeled albumin (Alb) and
fibronectin (Fn) from 10% bovine serum for 2 hours at 37°C. The binding strength
of adsorbed Alb and Fn was evaluated by measuring protein retention after elution
with a 3% sodium dodecyl sulfate (SDS) solution for 24 hours. The in vitro growth
of bovine aortic endothelial cells (BAECs) in 10% bovine serum medium seeded at
low density (53 cells/cm?) and high density (2660 cells/cm?) onto the fluorocarbon
surfaces was evaluated after 3 days of growth and 5 days of growth, respectively.
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The homogeneous surfaces, skived PTFE film and the fluorinated self-
assembled monolayers (SAMs), exhibited the poorest cell growth. After three days
of culture on PTFE films, no BAECs remained viable. Only limited BAEC growth
was detected on the fluorinated SAM surfaces. This indicates a homogeneous
surface of either CF, or CF; groups does not support cell growth. In contrast, the
RFGD deposited fluorocarbon films with mixtures of CF, and CF; groups exhibited
significant BAEC growth in the same three day assay. This suggests that increasing
the complexity of ePTFE vascular graft surface through the addition of CF; groups
should improve cell growth on the graft.

The multifunctional RFGD fluorocarbon films, in addition to supporting
significant BAEC growth, also affected the strength of protein binding. Compared to
PTFE, both Alb and Fn were more tightly bound to the REGD deposited films.
Although similar -amounts of protein adsorbed on both the PTFE and RFGD films,
the RFGD films retained 25 to 50% more of this protein after the surfactant elution.
Thus, another reason ePTFE does not support good BAEC growth may be that
protein is too loosely bound to it and a stable base for BAEC growth is not provided.
The increased binding strength of proteins on RFGD deposited films should
provide a more stable base for BAEC growth. To date it has not been possible to
measure protein retention values for short chain fluorinated SAMs with 125]
labeled proteins. This is because trace amounts of free iodine in the protein
solution adsorb onto the gold through defects in the SAM. The signal from this free
lodine adsorption overwhelms the signal from the adsorbed protein layer. Future
work will address the free iodine adsorption problem by using long chain: SAMs
with low defect densities. Also, further examination of the multifunctional aspects
of fluorinated surfaces will be done with mixed SAMs.
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Hydrdphilic, Protein Resistant Membranes Comprised of PEQ-b-PSF

Lawrence F. Hancock
Grace Biomedical
One Ledgemont Center
128 Spring Street
Lexingtion, MA 02173
617-863-8720

Block copolymers of poly(ethylene oxide) and polysulfone (PEO-b-PSF) yield
membranes with an intrinsically hydrophilicj surface which is resistant to protein
adsorption. PEO-b-PSF 1is prepared by emp{‘oying mono-methyl polyethylene glycol as an
end capping reagent directly in the condensaﬂion polymerization of polysulfone. Successful
incorporation of poly(ethylene oxide) has bee}n demonstrated by "H NMR before and after
- extraction with methanol which is a selectivej solvent for poly(ethylene oxide). A broad
‘glass transition intermediate of the two components is observed for materials up to 30

_ weight percent poly(ethylene oxide) suggestir}lg that the block copolymers are homogeneous

in the composition range evaluated.

Phase inveréion precipitation of a polysulfone and PEO-b-PSF solution yields a
membrane with an organized surface structure. The poly(ethylene oxide) block of the block
copolymer segregates to the surface of the }nembrane. Measurement of the 'H Tp of the
component materials, X-ray photoelectron spectroscopy and differential scanning
calorimetry reveal the organized surface structure of the membrane. Microporous,

ultrafiltration and dialysis membranes have been prepared with PEO-b-PSF.
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Field and Laboratory Studies of Adhesion to Fluorourethanes

Salvatore J. Bonafede and Robert F. Brady, Jr.
Materials Chemistry Branch
Naval Research Laboratory
Washington, DC 20375-5342
brady2@ccf.nrl.navy.mil

Marine fouling is a complex chemical, physical and biological process. All
surfaces immersed in sea water rapidly acquire a glycoprotein film. This film attracts
other organisms and in time the surface accumulates diatoms, bacteria, and hard and soft
fouling. Bacterial slime alone is sufficient to extract severe penalties in fuel consumption,
maneuverability, speed and range of a ship. For several years we have investigated
fluorinated polyurethanes as potential coatings for ship hulls.! We seek to develop a
coating which weakens or eliminates the adhesive bond between fouling organisms and
the coating. The fouling would then be dislodged by relatively weak mechanical forces
such as the weight of the fouling or the shear as the ship moves through water. This
paper will summarize about ten years of laboratory and field evaluations of fluorinated
polyurethane coatings in marine immersion. ' /

Fluorinated urethane coatings were applied by brush or spray to steel panels
primed with an anticorrosive epoxy coating. Both clear and pigmented polymers were
tested. Seawater immersion trails were conducted on the Chesapeake Bay at Deale,
Maryland. Panels were immersed to a depth of 0.3 to 1.3 m, and several replicate panels
were used for each coating. Fouling was assessed at roughly one-month intervals during
the local fouling season from April to October. Four factors were evaluated: the extent
of coverage by barnacles & clams, bryozoans, worms, slime & algae, and mud; the ease

of cleaning; the amount of fouling which could not be removed; and the integrity of
cleaned coating.

We were attracted to fluorinated urethanes by their low surface free energy (SFE).
Because the strength of adhesion to a surface decreases as the SFE decreases in the range
30-70 mJ m?, we believed that surfaces with free energies less than 20 mJ m? would
resist adhesion. However, other workers have shown? that the adhesion of marine
organisms is at a minimum in a distinct range near 23-25 mJ m?, and increases gradually
as the SFE falls below that range. Organisms differ in their preferences; barnacles prefer

36




surface free energies ranging from 30-35 mJ m?2, but bryozoans adhere best to surfaces
having energies between 10-30 mJ m?,

Fluorinated urethanes are also attractive because of their long life in the marine
environment. They are amorphous, glassy, highly-crosslinked materials with excellent
resistance to degradation by heat, water, or sunlight. ‘Such highly-crosslinked materials
have rigid immobile surfaces. Andrade? has stated that, for poly(ethylene oxide) surfaces,
molecular mobility at the surface appears valuable in preventing the formation of
permanent bonds between the adsorbate and the surface. Permanent bonds arise when
a protein, having collided with a surface, alters its conformation in order to create strong
adhesion; random orientations give way to conformations in which nonpolar moieties are
presented to the surface and polar groups are tucked inside. On a nonpolar
fluorourethane surface, groups at the surface are not in motion and cannot frustrate this
process. |

Not surprisingly, we find that the smoothness of polymers affects their ability to .

resist fouling. Roughness increases as the polymers age, and the surface area available
for adsorption and attachment increases with roughness. Bacteria congregate in crevices
where they find shelter from shear and abrasion. Rough surfaces also present valleys
which are penetrated by marine adhesives.

This work has demonstrated that fluorinated polyurethanes bond to marine
organisms with significantly less strength than related unfluorinated epoxy, vinyl and
urethane resins which are now used with toxicants in marine coatings. This work has
also shown that these fluorinated polymers are not sufficiently promising to merit further
attention as nontoxic nonfouling coatings for ship hulls.
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Conformational Changes of Adsorbed Proteins and Pharmaceutical
Peptides Monitored by ATR-FTIR-Spectroscopy '

M. Miiller, U. P. Fringeli and H. J. Jacobasch

Abstract :

In the framework of designing suitable polymer materials for biocompatible or pharmaceutical
purpose much interest is dedicated to the adsorption of proteins or peptides onto surfaces of
medical, diagnostical or galenical devices. In biomaterial science protein adsorption is proven
to be an important early step, when blood interacts with a foreign surface, since adsorbed
proteins give the functional base layer for the further attachment of endothelial or tissue cells
(implants). Beneath this compatibility in the bioactive sense, also bioinert surfaces are aimed
at, where the adhesion of proteins as well as of clots (hemodialytic membranes) has to be
prevented. Additionally, adsorption and aggregation of peptidic drugs from aqueous solution
onto the container surface is an undesired phenomenon in galenical processing, since adsorbed
peptides are no longer pharmaceutically active, ,

Since proteins and peptides may change their molecular conformation upon adsorption, the
report given here is focussed on the detection of that biological response by ATR-FTIR-
spectroscopy and the conditions of directing. ATR-FTIR is a surface sensitive  integral
method, which allows quantitative determination of adsorbed peptide/protein amount as well
as probing secondary structure via the diagnostic amide bands. Three applications are
exemplarily outlined, i.e. reversible conformation changes of the model homopolypeptide
poly-(L)-lysine hydrobromide (PLL) upon varying the water content of a thin film (i),
conformation changes of the peptide hormone human calcitonin (hCT) associated with
adsorption onto the glass like surface of a Ge crystal (ii) and polymer induced secondary
structural alteration of the human plasma proteins human serum albumin (HSA) and human
fibrinogen (FGN) adsorbed onto two different cellulosic substrates (iii).

(i) To get a basic understanding of directing and detecting conformational changes PLL was
selected as a model polypeptide, whose conformational changes stimulated by various
external parameters (pH, ionic strength, T) is widely referenced [1, and literature cited
therein]. We varied the temperature of a thin PLL-film coated on a CdTe-IRE (Internal
Reflection Element) and exposed to a relative humidity (r. H.) of 80%- from T=26°C to
T=30°C. Evidently, significant changes of the amide I” and II’ lineshape were observed in
dependence of the applied temperatures: for T=26°C the amide I maximum centered at about
1640 cm", indicative of an o-helical conformation decreased and a dublet of narrow lines at
1680 cm™ and at 1615 cm’, typical frequencies for B-sheet structures appeared for T=30°C.
Since the conformation conversion was found to be reversible, the time dependent
temperature variation was applied periodically due to certain stimulatior periods (1=14.7
min). Thereby, the signal amplitudes of the conformation sensitive amide components (o
helix, B-sheet) varied with the same frequency, featuring individual phase shifts ¢; with repect
to temperature. Amide components, which were attributed to o-helix (¢;=188°) and [B-sheet
structures ((;=14°) were relatively shifted by about Ad;=180° (174°), which is reasonable,
since they are educt and/or product of the conversion reaction. Furthermore components with
deviating phase shifts from or-helix and B-sheet structures were attributed to transient species.

(ii) Secondly, the adsorption of hCT, a peptide hormone consisting of 30 amino acids, at a Ge-
IRE surface was monitored by transmission (T) as well as ATR-FTIR-spectroscopy [2]. Both
a signal increase due to the adsorption progress of the peptide and a lineshape change due to a
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Potential solutions to the problems encountered in mixing and delivering these cements will also be
addressed.
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DESIGN OF IMMUNOISOLATION DEVICE FOR ISLET
| TRANSPLANTATION

M. Bissova,” A.C.Powers,§ AV, Anilkumar$ K. Shahrokhl,§ and T. Wangt

*Department of Chemical Engineerng, §Medical Center, Divislon of Endocrinology,

ZCenter for Microgra vily Research and Applications,
Vanderbift Unlverslity, Nashville, TN 87235

Transplantation of Immunoisolated Islets of Langsrhans has been proposed as a
promising approach to treat Insulln dependent dlabstes meliitus. Recently, we have deslgned a
cell delivery system based on a multicomponent microcapsule for the immunolsolation of insulin-
sscreting pancreatic Islets. The capsule formed by complexation of oppositely charged
polyslectrolytes has several advantages over currently avallable systems Including markedly
improved mechanical strength compared with alginate/poly(L-lysine) capsules. This system also
provides a flexibility to readlly adjust membrane thickness, capsule size, and more importantly,
the membrane permeability can be altered over a wide range of molecular sizes. To rigorously
dsfine diffusion properties of this new set of capsules, the measurament of capsule permeability
has been greatly improved using two complementary methods: (i) size exclusion chromatography
with dextran standards; and (i) newly-developed methodology to assess pemaabliityto a -
serles of biologleally-relevant protelns. Viablility and function of rat pancreatic Isfets enclosed in
the capsules was examined in vitro and in vivo. The Insulin secretion of encapsulated Islets is
well-presarved even though slightly delayed In comparison with unencapsulated islets, Unique
features of this encapsulation system along with preclse characterization of its physical
parameters should make it possible to find the optimal range of capsule permeabllity for in vitro
and /n vivo survival and function of encapsulated pancreatic islets. ‘
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Visible Light Polymerized Glass-lonomer Copolymers
ContainingTethered Amino Acids.

Bill M. Culbertson, A. Thakur. D. Xie and E.C. Kao".
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Glass-ionomer materials have attractive characteristics for use by dentists, related to

bonding to tooth structure, fluoride release, biocompatability, coefficient of thermal
expansion, etc. However, glass-ionomers sgﬁer from having too low a modulus of
elasticity, brittle failure and low abrasion (wear) resistance. In our studies, we

hypothesized that modification of copolymers to broaden both the type (19, 11° , and

lI9) and pKa range of the carboxylic acid functionalities, provide increased availability
of carboxylic acid groups for salt-bridge formation, etc., should afford a mechanism to
improve the physical/mechanical properties of glass-ionomers. '

In earlier IADR presentations ( JDR 72: 384, Abst # 2250 and #2256 and JDR 74:108,
Abst #755 ) and in a patent ( US Pat. 5,369,142 , Nov. 29, 1994) we have described
how mechanical properties of traditional chemical cured glass-ionomer systems may
be improved by the copolymerization of acrylic acid and itaconic acid with N-acryloyl
substituted amino acids. In using the amino acid monomers, we are able to produce

water soluble copolymers containing 19, 119 and 1lI° carboxylic acid moieties tethered
various distances from the polymer backbone, providing a wider pKa for the acid
functionality and greater capability of the copolymers to form aluminum carboxylate
salt-bridges during the hardening process. We now describe how these terpolymers
may also be modified to be useful in visible light curable (VLC) glass-ionomer

formulations, providing a path to another family of improved performance, VLC glass-
ionomer formulations.

To provide examples of our studies, acryloyl derivatives of glutamic acid (AGA) and 6-
aminocaproic acid (AACA) were prepared and used to produce glass-ionomer
terpolymers. In two examples, we prepared water soluble terpolymers having in their
backbones acrylic acid (AA), itaconic acid (IA), and AGA or AACA monomer residues,
where the poly(AA-co-1A-co-AGA) and poly(AA-co-lA-co-AACA) had the AA:IA:AGA
and AA:IA:AACA molar ratios, respectively, of (10:1:1) and (6:1:1). For our study, the
Fuji Il glass-ionomer system was used as a control and Fuji Il powder was used to
formulate our experimental systems. In all cases, a powder:liquid ration of 2.7:1, was
used. The mechanical properties obtained for the formulations are shown in Table 1,
providing evidence to support the above stated hypothesis.

For demonstrating how an experimental VLC system was produced, poly(AA-co-lA-
co-AGA) terpolymer, having the AA:IA:AGA ratio of 10:1 1, was grafted with 2-
isocyanatoethyl methacrylate (IEM) in tetrahydrofuran solution to achieve 10%
grafting. The grafting procedure employed was patented by 3M (US Pat. 5,130,347).
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The presence and level of grafting was evaluated by FT-IR, TH-NMR and elemental

analysis. VitremerTM and Fuji ™ ¢ systems were used as controls for evaluating
the experimental VLC formulations. :

The poly(AA-co-lA-co-AGA) (10:1 1) - IEM grafted copolymer was combined with water,
2-hydroxyethyl methacrylate (HEMA ), and 2 Suitable photoinitiator-accelerator
combination. The HEMA was used at the 25 ( wt) % level and the grafted copolymer at
the 50% solids level.The photoinitiator (hydroquinone) and accelerator (toluene
sulfonic acid, sodium salt ) were used at the 1% and 0.5% levels. The untreated, glass
powder used in the study was supplied by the SM corporation. Preliminary results from
the CS, DTS and FS evaluations ( Table 2 ) show that a new route is open to develop
improved VLC glass-ionomer cements.

Table 1. Experimental Glass-lonomers and Fuji Il Mechanical Properties in MPaa.b.e
System Compressive Strength Diametral TensileStrenath Flexural Strenath

Fuji e 168 13.5 23.3
AGAd

Terpolymer 205 28.0 68.5
AACAd

Terpolymer 195 25.0 37.3

8Samples for mechanical properties studies were fabricated and tested per ADA Spec. 66 (1989), with

samples conditioned in water at 37 °C for 7 days. bWorking (WT) and setting(ST) times , in seconds, for
the experimental and commercial sSystems were as follows: WT=120 and ST=240 for AGA copolymer,

WT=180 and ST=360 for the AACA copolymer, and WT=150 and ST=270 for Fuiji I control. SFuiji Il control

was blended and handled per GC America, Inc. directions. 9The AGA terpolymer (AA:IA:AGA ratio 10:1 1)
and AACA terpolymer (AA:IA:AACA ratio 6:1:1) , in aqueous solutions ( 50:50, wt:wt) , were mixed with

the Fuji Il powder in a 2.7:1 P:L ratio. ®The shear bond strengths (SBS) of a conventional, and
experimental glass-ionomer formulation, containing the AA:IA:AGA (10:1 :1) terpolymer, was evaluated in-
vitro, versus the Fuji Il control. Preliminary results in the bonding of cylindrical ionomer specimens (n=5),

with a nominal bonding area of 28 mmz, to human enamel (E) and dentin(D) revealed that the mean SBS
of the AGA terpolymer formulation was significantly greater than Fuji Il, where Fuiji Il D=5.3 and E=9.0 MPa
compared to AGA formulation of D=6.8 and E=10.2 MPa.

Table 2. Experimental and Commercial VLC Glass-loriomer Cementsa.d

System P/L Ratio CS(MPa) DTS(MPa)  FS(MPa)
BVitremerT™ 2.5:1 214.0 46.0 63.0
ST 3.0:1 241.0 46.0 74.0
CIEM Grafted 2.5:1 255.0 45.0 84.0

10:1:1 AGA Copolymer

@The working and sstting times for all three systems were not significantly different. PThe Vitremer and
Fuji Il LC systems were formulated, light cured, etc., per manufacturer recommendations. SThe viscosity
of the experimental HEMA-water-copolymer solution was close to the Vitremer liquid component.
dSamples (n=5) for CS, DTS and FS were conditioned for 24 h in distilled water at 370, prior to testing

on an Instron apparatus according to ADA No. 27 Spec. for resin filled materials. Anova showed
significant ditferances existed between the CS and FS values (p<0.05).
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