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ABSTRACT

The mechanisms used by cells to communicate with their environment in vivo are being rapidly
elucidated due to advances in molecular biology and genetics. Knowledge of the molecular
players controlling the information which cells receive from their environment has made possible
biomimetic synthetic materials which use natural ECM signals to guide cell behavior. Recent
research has demonstrated the feasibility of designing surfaces that eliminate nonspecific cell-
materials interactions and signal cells through peptides incorporated at the surface of materials to
manipulate a variety of cell functions. The present studies have been undertaken with the
objective of combining the ideal properties of model surfaces, including protein resistance and
control of ligand distribution, with flexible surface modification routes that can be directly
incorporated in relevant device fabrication processes.

The agent of surface property modification in this work is an amphiphilic comb polymer
designed to provide a hydrophilic polymer brush-like surface layer which resists protein
adsorption while simultaneously presenting covalently tethered minimal peptide signals to elicit
predictable cell behavior at the surface. We have carried out theoretical and experimental studies
of comb polymer systems in order to predict, prepare, and characterize the surface structure of
such materials and their influence on cells in vitro.

Two theoretical methods were used for predicting the properties of comb polymer surfaces. The
first was a Monte Carlo simulation of tethered ligand surface-cell membrane interactions,
modeling the interaction of a cell with a tethered ligand surface as a function of the nature of the
cell receptor-ligand interactions and the spatial distribution of ligand on the surface. The relative
importance of experimental parameters such as receptor-ligand affinity, cluster size, and total
ligand density were determined. Under certain conditions, ligand cluster sizes up to a few
hundred nanometers in diameter were shown to be effective in increasing the number of
receptors bound for a given total ligand density.

The second theoretical tool used was a self-consistent field lattice model for the description of
amphiphilic comb polymer and comb polymer/homopolymer blend surface compositions at the
water/polymer interface. Surface segregation in a polymer blend is proposed as an effective
route to create comb polymer-rich surfaces on biomaterials with desirable bulk properties.
Results from the model calculations allowed us to predict the effects of comb architecture and
composition on the surface composition of comb/homopolymer blends where the comb polymer
is surface segregated to provide a protein-resistant tethered ligand surface. Calculations of comb
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polymer-water or blend-water interface structures predict a quasi-two-dimensional organization
of the top molecular layer of comb polymer with the backbone aligned parallel to the interface
and hydrophilic side chains extended in a brush-like layer into solution.

Experimentally, a comb polymer was synthesized comprised of a hydrophobic backbone of
poly(methyl methacrylate), which imparts stability to the comb polymer surface in contact with
aqueous solution, and short poly(ethylene glycol) side chains, which provide protein resistance
and sites (at the chain ends) for tethering peptides. Optimization of the comb polymer
architecture and chemical makeup was performed to maximize resistance of the comb polymer to
nonspecific cell interactions with comb surfaces. Comb polymers containing 40-50 wt% of short
(6-9 unit) PEG side chains completely resist nonspecific adhesion of a model fibroblast cell line
in the presence of 7.5% serum. Regulated cell response to comb polymer surfaces was achieved
by tethering peptide ligands at the surface. Differentiation of PC12 neuronal cells was induced
using tethered epidermal growth factor, and control of WTNRG6 fibroblast adhesion was
established via tethered Arg-Gly-Asp (RGD) adhesion peptides.

Incorporation of the comb surface structure on bulk materials of interest for biomedical
applications was experimentally achieved by two novel methods: latex film formation and
surface segregation. Latex beads, of sizes ranging from 0.2-2 microns were prepared using the
comb polymer as a stabilizer during dispersion polymerization. The resulting beads contain a
permanent monolayer coverage of the comb at their surface, and films formed by embedding the
beads in comb polymer films or coalescing confluent layers of the beads yield surfaces with cell-
function-controlling characteristics similar to films of the pure comb polymer. Latexes provide
the additional advantage of allowing ligand to be clustered at 0.1 — 1 pm length scales.

Implementation of comb polymer surfaces for biodegradable devices was demonstrated using
comb polymer surface segregation in a biodegradable homopolymer matrix. Blends of poly(L-
lactide) (PLA) with the comb polymer were annealed in water to drive surface segregation of the
comb via its hydrophilic side chains, forming a surface layer enriched in the comb polymer. The
surface segregated blend again presents a surface that controls cell function in a manner similar
to the pure comb polymer, allowing a spatially variable presentation of peptides on a protein-
resistant background.

Control of nanometer-scale clustering of peptides at the surface of comb polymer films, latex
films, or surface segregated blends is readily accomplished through functionalization of multiple
side chains per ligand-bearing comb. In a study of the adhesion strength of cells on comb
surfaces, manipulation of local ligand density by controlling ligand clustering was found to
dramatically influence the adhesion of cells on tethered RGD. Cells on clustered RGD showed a
strengthening of adhesion for certain ranges of increasing detachment force. Clustering could
induce an approximate 3-fold increase in cell adhesion strength at equivalent total densities of
RGD at the surface. Strengthening depended on both cluster size and total ligand density in a
manner consistent with a model of integrin-based force-dependent signaling. Control of ligand
presentation in this manner has implications for the design of biomaterials with engineered,
predictable cell responses that can be tailored for specific applications. Comb surfaces may
readily present combinations of ligand (such as growth factors and adhesion peptides), for further
control over specific cell functions that require a controlled integration of multiple cell inputs.



Taken as a whole, this work presents a facile route for modifying the surface properties of a large
variety of biomaterials, using comb polymers to provide a surface structure that specifically
directs cell function. Control of ligand distribution through clustering of peptides on these
surfaces allows fine-tuning of cell function and we have demonstrated how this parameter plays
a significant role in cell adhesion. Comb polymers of this type are inexpensive, readily
synthesized, and combined with the several application methods demonstrated here (thin films,
latex films, embedded latexes, and surface segregation) provide a flexible means to generate cell-
signaling surfaces by a clinically-relevant, practical method which offers more ways to control
cell function than any approach yet devised.
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4 Background and Scope of Thesis

4.1 The Role of Materials in Bioengineering

The design of materials for biotechnological and biomedical uses is being transformed by
the application of the signaling principles and components of cells’ natural macromolecular
environment, the extracellular matrix (ECM), to fundamentally alter the function of cells in
contact with biomaterials. These biologically active systems are being designed to have surfaces
that appear to cells less like foreign entities and more like the ECM proteins and sugars
composing native tissuel- 2. Advances in such biomimetic materials have led progress in both
research and commercial development of drug delivery systems3-3, prosthetic implant devices!: 6,
hybrid cell-materials in vivo and ex vivo biomedical devices? 78, and in vitro assay systems and
biosensors!- 6. The rapid expansion of research in these areas, especially within the nascent field
of tissue engineering, has been made possible by parallel advances in materials science, chemical
engineering, and molecular and cell biology, as well as in the training of scientists who have the
necessary background to work at the interface of these disparate fields. While the work in this
thesis has as its focus the design of materials, it is clearly the recent revolution in understanding

of the molecular components of cellular communication that makes such research possible®.
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It is only in recent years (coincident with the unraveling of many unknown aspects of cell
function as mentioned above) that research in biomaterials based on a rational scientific rather
than an empirical engineering approach has become possible. The current work is motivated by
the desire to use a fundamental understanding of cell and molecular biology to design devices
that directly interact with cells via their natural routes of communication, to dictate cell functions
rather than respond to them. We view this achievement as the first step toward biomaterials
which have, literally, dialog with living systems (implying two-way communication) to guide
cell functions, to provide aid and protection for cells, and to replace lost or damaged cell

functions.

4.2 Importance of the Surface of Biomaterials

For the purposes of the following discussion we will define biomaterials as materials
used in contact with living systems in vivo or in vitro that do not originate from a living cell. In
the design of biomaterials that can effectively communicate with cells, the surface of these
materials plays a pivotal role. In tissue engineering and implant design (with which the current
work is most directly connected) the surfaces of artificial materials are placed in contact with the
host tissue as an artificial extracellular matrix- a non-cellular substrate that both the living and
non-living components of the body will begin to immediately interact with. The first event in
virtually any cell-materials system (in vivo or in vitro) is the rapid adsorption of ECM proteins
on the biomaterials surface. Cells interact with this intervening protein layer; thus cell function
at the interface, beginning with adhesion and including subsequent growth, migration, or changes
in differentiated function, is controlled by the composition and conformation of the adsorbed
layer. Uncontrolled cell attachment (and subsequent function) is a ubiquitous phenomenon

complicating the design of devices for in vitro as well as in vivo biotechnological and biomedical
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applications, since defined media for many important cell lines and primary cell cultures remains
unknown.

Proteins adsorb at surfaces via many molecular interactions (van der Waals, ionic, the
hydrophobic effect, etc.)10: 11, thus the exact nature of the adsorbed layer is extremely sensitive
to the concentration and composition of proteins present in solution and the particular surface
structure in contact. In addition, proteins readily adsorb in multiple conformations that may
change the affinity of receptor interactions with binding sites or mask interactive sites entirely!2
13, Because the nature of the adsorbed layer can change with the type, number, and state of
differentiation of cells present (each cell being a potential source of extracellular proteins),
control of cell function at surfaces by manipulating the adsorbed layer is problematic. How then
might we engineer cell responses at surfaces? It is helpful to first consider the adhesion of cells

in vivo and the signals they receive from native ECM.

4.3 The ECM, Integrins, and Cell Adhesion

The native extracellular matrix consists of soluble and insoluble proteins, peptides, sugars, and
small molecules that surround cells and provide the framework within which the cells of any
given tissue are organized!4-16. The chemical and physical makeup of a given ECM varies from
tissue to tissue; however any ECM provides multiple functions in the body. These include
provision of a space-filling scaffold for three-dimensional organization of cells, mechanical

integrity as needed, control over cell polarity, and regulation of cell function!5.

Adhesion of cells to the fibrous proteins that form the mechanical scaffolding for cells in
vivo is mediated in large part by the binding of a family of cell surface receptors known as

integrins. These cell surface receptors bind either directly to the substrate proteins (e.g. binding
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of integrins to collagen) or via an intermediate adhesion protein that adsorbs in a specific manner

to the underlying substrate protein. These two alternatives are depicted schematically in Figure
4.1. Integrins are heterodimeric transmembrane proteins comprised of an o and 3 subunit, as
depicted in Figure 4.2. 13 ccand 8 B chains are currently known, and various 0P pairs give rise

to integrins with a breadth of affinities and a variety of target ligands!7-19.

Most integrins recognize a specific short amino acid target sequence on ECM protein
ligands. These peptide oligomer targets alone are often ligands that bind integrin receptors,
usually with much lower affinity than the complete proteins!8-23. Table 4.1 summarizes several

examples of 0-B pairs, the target amino acid sequence(s) to which they bind, and some of the

proteins that contain the target sequence.

Figure 4.1. Mechanisms for cell adhesion in vivo. Cell adhesion is supported by (1) binding of cell surface
receptors directly to receptor sites on ECM scaffolding proteins such as collagen, or (2) binding of receptors
to adhesion proteins such as fibronectin or laminin adsorbed to the underlying matrix.
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cytosol

sion protein

Figure 4.2. Structure of integrin cell surface receptorsl’. Integrins are composed of two distinct
macromolecular subunits that noncovalently associate in the cell membrane. Metal cations bound to the o
subunit are necessary for ligand recognition. A common motif recognized by many integrins is the RGD
amino acid sequence.

Table 4.1. Example integrin c-B pairs and their ligands!’.

Integrin o-B pair Target amino acid sequence Example proteins containing the

target sequence

o.f, RGDSP!# fibronectin, collagen
o,B, REDV?22 fibronectin

o,B, YIGSR?! laminin

a,B, DGEA23 laminin, collagen

Integrins manipulate cell behavior through mechanical stimulus from adhesion-derived
tension generation and by biochemical signaling. Mechanically, the generation of tension
through integrin-ECM contacts is necessary for cell migration24-26, Cells respond to the
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compliance of their surrounding matrix, and mechanical probing of the environment may serve
as a “mechanotaxis” mechanism for guiding cell migration during wound healing and
development?7. 28, Cell shape alterations by ECM-integrin-cytoskeleton connections also have
been correlated in vitro with regulation of cell growth?9, differentiation30: 31, and cell polarity?2.
Integrin-ECM contacts are a source of biochemical signaling as well. While the receptors
themselves do not possess cytoplasmic kinase domains, they serve as docking sites for adaptor
proteins that link them to cytosolic kinases such as FAK33 and cytoskeletal components such as
actin, tensin, and vinculin34. Recruitment of proteins to the site of integrin binding initiates
signaling cascades that are connected to cell cycle decisions: whether a cell will rest, grow, or
differentiate33. The diversity of integrin pairs, their varied expression in cells of differing
phenotype, and the multiple substrates which serve as their targets help organize the variety of
tissue compositions and structures found in higher organisms!?.

Cell function is regulated not only by the chemical diversity in integrin receptors and
ligands, but also their spatial distribution. Clustering of integrins leads to the formation of large
(up to ~1 um)35 supramolecular structures inside the cell membrane at points of cell-ECM
contact known as focal adhesions, focal contacts, or ECM contacts34-37. The hypothesized
structure of such adhesive contacts is shown schematically in Figure 4.3. The formation of these
complexes is accompanied by the reorganization of connected actin filaments into stress fibers
that provide a stronger mechanical link between the cell and its substrate33. 36, Stress fibers also
serve as scaffolds for the recruitment of focal contact proteins, and their reorganization serves as
a positive feedback mechanism that brings more integrins to the adhesion site. Biochemical
signaling at the focal adhesion is enabled through the presence of protein kinases, and by the co-

clustering of other receptors (e.g. growth factor receptors) that have intrinsic kinase ability38.
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Figure 4.3. Simplified schematic structure of focal adhesions. Clustering of integrins leads to aggregation of
a variety of cross-linking and signaling proteins as well as organization of actin filaments into mechanically
robust stress fibers.

Because the biochemical signals delivered depend on the protein components recruited to focal
contacts, a multidimensional matrix of possible responses is generated by different physical
states of integrins: unclustered ligated receptors, clustered ligated receptors, unclustered

unligated receptors, and clustered ligated receptors all give rise to different biochemical

outcomes38,

4.4 A Paradigm for Controlling Cell Function: Protein Resistance +
Tethered Ligands

Cell adhesion in vivo is controlled by integrin binding to ECM ligands of appropriate type and
spatial distribution. However, typical biomaterials when implanted adsorb a non-physiological
layer of protein, leading to uncontrollable cell-biomaterial interactions and cell responses. The

goal of much current biomaterials research is to eliminate adsorbed layer-signaling in favor of
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tailored biochemical signaling based on the growing body of knowledge in cell-ECM
communication39-47,

Consider the following example to illustrate the goals of controlled cell responses
envisioned. A proposed approach for reducing thrombogenicity and the danger of stroke in
patients with synthetic vascular grafts is to provide a natural lining for the graft by seeding
endothelial cells#®. However, to minimize the likelihood of infection, seeding and adhesion must
occur quickly#8. Promotion of cell adhesion has been attempted with limited success by simply
exposing grafts to the recipient’s plasma and allowing a layer of proteins to adsorb*®. A better
approach would be to engineer the surface of the graft to provide a reproducible, tailored degree
of cell adhesion that does not depend on the uncontrollable variables inherent to protein
adsorption#3. The surface structure and the target cell type alone would ideally determine
kinetics of spreading and the strength of adhesion. We might also hope to further manipulate
other aspects of cell function on the graft surface, such as the ability of the cells to move and
grow on the graft surface, in order to effect uniform coverage of the graft in siru by cell
proliferation and migration. How can such results be achieved in an economical, reproducible

manner?

Early studies aimed at controlling cellular interactions with materials (primarily for
permanent implants) focused on eliminating the first event when materials come in contact with
native tissue: adsorption of serum proteins. Biomaterials research in the last ten years has
developed a second focus in parallel with inhibited nonspecific protein adsorption, namely,
controlled cell signaling at surfaces. This problem has been approached by seeking to guide the
adsorption of specific proteins in specific orientations0 or by directly incorporating peptides or
proteins into the materials39-47.51. Presentation of signals by incorporation of peptide ligands at

biomaterials surfaces has been used to guide cell adhesion, growth, migration, and
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differentiation39-47. 51, In addition to avoiding the inherent complications present when trying to
use controlled protein adsorption to guide cell function, immobilized peptide ligands are more

robust and stable under conditions of varied solvents and pH52.

4.5 Scope of Current Work

4.5.1 Problems in Practical Application

A paradox that bears on much of the current research aimed at developing protein-
resistant tethered ligand surfaces is that those materials that allow one to control protein
adsorption often have unacceptable bulk properties. The best surfaces currently known for
eliminating nonspecific cell-material interactions are hydrogels of poly(ethylene oxide) (PEO)40.
42,4553 which, however, have low mechanical strength and limited processability. These are
serious issues limiting the use of such approaches outside the laboratory. Conversely, synthetic
materials with desirable bulk properties typically have none of the biological recognition
described above characteristic of native ECM. Polylactide (PLA) is a good example; it is highly
favored for implant applications requiring biodegradability, reasonable mechanical strength, and
stiffness (it is also one of the few degradable synthetic polymers in devices approved by the FDA
for implantation)34-57, yet its surface is prone to the nonspecific protein adsorption and
subsequent cellular responses seen on virtually all synthetic materials placed in contact with cells
in vivo or in vitro8. The current work was motivated by the desire to meet both bulk and surface
structure-function requirements, by using surface modification to provide an ECM-like surface

structure on materials which retain favorable device-specific bulk properties.

A diverse collection of approaches has been used for surface modification of

biomaterials, and in particular for incorporating PEO at surfaces for protein resistance.
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Examples include physisorption®, chemisorptionS0, covalent grafting6!- of polymers
(including graft polymerization), and glow discharge treatment%. Of these, adsorption (chemical
or otherwise) has been the most actively investigated for biomaterials surface modification.

To date, most of the approaches listed above offer only imperfect protein resistance and
thus allow varying degrees of nonspecific cell attachment (in practice, the most important end-
result of protein adsorption, since most normal cells are anchorage-dependent®7). Further, the
approaches reported to provide full cell resistance coupled with immobilized ligand signaling are
typically the most inflexible from an application standpoint and require processing that is
difficult to employ on a commercial scale. For example, several approaches have been
demonstrated for control of cell adhesion on materials via tethered biochemical ligands on a non-
adhesive background by coupling surface modification agents such as self-assembled
monolayers to surfaces from solution®. 42. 43,47 However, such approaches require chemistry to
be carried out on the surface of the biomaterial, which limits the applicability of the approach to
materials with the appropriate reactive sites, and introduces multiple steps of incubating the
biomaterial surface with various solutions, which is both inefficient and difficult to employ for

mass production of three-dimensional devices.

In addition to synthesis and processing issues, biomaterials have yet to implement
biophysical aspects of cell signaling hypothesized by cell biologists. In particular, integrin-ECM
contacts in cell adhesion are known to have important spatial distribution aspects34-36. 68, as
discussed above. Promising results demonstrating the significance of ligand spatial distribution
were obtained by Maheshwari et al. in a model tethered-adhesion ligand system#3. They tethered
ligands in clusters on nanometer length scales by covalently linking RGD peptides to the chain
ends of star PEO molecules on a PEO hydrogel. Cell adhesion strength and migration speeds
were dramatically affected by the spatial distribution of the ligand. However, this model system
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again suffers from difficult implementation in clinical device design. Development of
biomaterials that can control spatial distribution of ligand in commercially relevant materials is
an unsolved challenge.

The hypothesis of this thesis is that the requirements for a cell-signaling surface can be
met by rational design of materials that are simply prepared, inexpensive, and readily applied as
a surface modification to a variety of biomaterials. Further, these materials can be designed to
practically direct cell signaling through the control of ligand spatial distribution at the surface,
which to date has been considered only in a model system#. 45, The first half of this work
focuses on meeting these goals within the framework of a non-degradable, permanent implant
coating applicable by simple aqueous-based coating operations. The second goal of this work is
to demonstrate through an alternative surface modification method, surface segregation, that
such materials are readily applicable to the further requirements of materials for tissue

engineering.

4.5.2 Materials Design

To develop this thesis, careful consideration was given to the polymer composition and
architecture. The materials must meet three requirements. First, they must impart protein
resistance and allow ligand spatial distribution at the surface to be tailored. Second, they must be
easily synthesized and economically prepared. Third, they must be applicable for surface
modification of a broad range of biomaterials via flexible, preferably aqueous-based processing.

We chose to study amphiphilic comb polymers to marry these characteristics into one material.
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Protein Resistance

The successful candidate material must first and foremost provide protein adsorption resistance
at the surface. A large body of scientific literature in biomaterials (both experimental and
theoretical) is devoted to identifying criteria for the creation of protein- and cell-resistant
surfaces, and much of this work is relevant to the design of effective comb polymers. Of
synthetic materials, poly(ethylene oxide) (a.k.a. poly(ethylene glycol) for lower molecular
weights) has been found to provide uniquely high protein resistance when used as a coating for
biomaterials surfaces. PEO-modified biomaterials show lower protein adsorption !1. 60.62, 69,70
and resistance to nonspecific bacterial?!, platelet®®, and cell’2. 73 adhesion. PEO-based protein-
resistant surfaces can also present tethered ligands, by end-functionalizing PEO chains at the

The current (imperfect) understanding of PEO?’s ability to shield surfaces from protein
adsorption is based on a broad range of theoretical and experimental work. The unique
resistance of PEO to protein adsorption is likely a combination of factors: PEO has an extremely
low interfacial free energy with water, it has the highest known chain mobility in water, it lacks
ionic binding sites, and it hydrogen bonds with water3. Theoretical treatments of the interaction
of proteins with grafted PEO surfaces show an interdependence of chain length and grafting
density (number of end-attached chains per unit surface area) on the amount of protein
adsorbed!0. 75, At high surface density, even short PEO chains are predicted to exhibit
equilibrium protein resistance by complete steric exclusion of protein from the interface!®. 75.
Conversely, at low chain density but high molecular weight, the highly mobile PEO chains

present a large kinetic barrier to adsorption>.

28



This picture of protein-surface interactions is consistent with experimental observations.
Experimentally, increasing the surface density of grafted PEO at fixed molecular weight or
increasing molecular weight at fixed density has been found to improve protein resistance!!l, 60,
70, Atomic force microscopy studies of the interaction between albumin and PEO-coated
poly(styrene) surfaces using atomic force microscopy have shown that increasing surface
coverage by PEO decreases the force of adhesion between albumin and the underlying polymer
surface; at high surface coverages (even for very short PEO chains of only three repeat units) this
adhesion force is completely eliminated’. Alternatively, higher molecular weight PEO chains
at lower surface densities can be equally effective, even for low volume fractions of highly

swollen PEO near the surface62.

The use of comb polymers allows a PEO layer to be presented at the surface by anchoring
the hydrophilic chains to a hydrophobic backbone, as schematically shown in Figure 4.4(a). The
surface “grafting density”’ of PEO chains is controlled by the spacing between units on the
backbone. PEO macromonomers containing a methacrylate end-group are commercially
available in a variety of chain lengths and comb polymers containing a backbone of methacrylate
monomers are readily synthesized by inexpensive free radical techniques, making them easily
and economically prepared. Use of PMMA/PEO-based comb polymers was further motivated
by the fact that both PMMA and PEO are components of FDA-approved biomedical devices for
use in vivo, which makes the regulatory approval of new biomaterials based on these components
more likely3%: 52. Finally, amphiphilic polymers such as the proposed comb molecules are often
soluble in water/alcohol mixtures’’, eliminating the need for toxic organic solvents during
processing.

Amphiphilic combs having the basic structure depicted in Figure 4.4(a) have been studied

previously for improving the protein resistance of biomaterials. Combs with methacrylate
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backbones and PEO side chains have been studied as adsorbed layers for increasing the
hydrophilicity of polymer surfaces: 78, and in blends with methacrylate homopolymers to
increase wettability of biomaterials7. 80. Surface grafting of PEO side chains to polyurethanes,

creating comb polymers in situ at a surface, has also been used to achieve protein-resistant

surfaces8!l- 82, These studies demonstrate the great potential of comb polymers to realize cell-

resistant surfaces, but the design of cell-signaling surfaces using such materials has not been

pursued.

Surface Tethering of Clustered Ligands

Polymers with a comb architecture provide a convenient means for tethering biochemical ligands
at a surface with control over local spatial distribution of the peptide signals. Peptide or protein
ligands can be tethered at comb polymer surfaces by functionalization of the ends of the comb
side chains; clustering of ligand on nanometer length scales can be achieved by functionalizing
multiple branch ends per molecule, as depicted in Figure 4.4(a). Control of the surface density
of ligand clusters on comb polymer films should be readily achieved by mixing functionalized
and unfunctionalized combs in different ratios. Thus three parameters of interest, cluster size,
ligand density within clusters, and cluster surface density can be easily tuned by control over the
comb molecular weight, functionalization, and film composition.

Comb polymers as described thus far might meet all the prescribed objectives, but only
allow nanoscale ligand clustering on length scales determined by the size of the molecules, a few
tens of nm at most. However, amphiphilic comb polymers can also be used to prepare polymer
latexes, which were studied here to further broaden the applicability of the comb polymer
approach. Polymer latexes have been used for many years in a wide variety of applications such

as paints, inks, adhesives, and paper making®3. These applications exploit the easily tuned
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physical properties of latexes such as particle size and glass transition (T ), as well as the simple,
economic route of emulsion or dispersion polymerization for their synthesis. Latexes that consist
of particles exhibiting surface functionalities have opened up further areas of interest, including
biomedical applications. Polymer latexes conjugated with antibodies or other proteins have been
used for delivering drugs to cells83, as marking agents for microscopy84, and as agents for
immunoassays and separations®4-86. However, to our knowledge, no studies have examined the
use of latexes to create cell-interactive surfaces.

Latex particles functionalized with ligand could be applied as coalesced solid films or
embedded into protein-resistant comb polymer surfaces, as shown schematically in Figure 4.4(b)
and (c), respectively. Mixtures of ligand-functionalized and unmodified latexes on a surface
would allow clustering of ligand similar to thin film blends of functionalized and unmodified
comb polymers. Because these colloids typically range in size from ~50 nm up to ~10 um87-89,
they extend the range of accessible clustered ligand domain sizes by two orders of magnitude. In
addition, synthesis can be carried out by free radical methods in water/alcohol media’? and the
completed spheres stored in pure water- again eliminating hazardous organic solvent-based
processing.

Together, these comb polymer-based approaches, comb polymer films and comb-
stabilized latex films were explored as candidates for biomaterials surface modification.
Optimum chemical composition and architecture for comb polymers as cell-signaling surfaces
were investigated, including effects of PEO content and side chain length on resistance of
surfaces to nonspecific cell adhesion. A theoretical self-consistent field model of the comb
polymer/water interface was implemented to aid in the understanding and design of these
surfaces. Preparation of clustered ligand surfaces using these systems was demonstrated with

tethered adhesion peptides as well as growth factors. Tethered ligand surfaces prepared by comb
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polymer systems elicit controlled cell responses, providing a broad range of possible processing

schemes for implementation of clustered ligand surfaces on biomaterials.

4.5.3 Application to Tissue Engineering

A large number of in vivo biomedical applications would best be addressed by a system
with cell-signaling properties and bioresorbability or biodegradability. Examples of such
applications include targeted drug delivery3-3, temporary tissue barriers?, and cell delivery
scaffolds for gene therapy or tissue engineering>* 90-92, To demonstrate the general applicability
of comb polymers for biomaterials surface modification, the second focus of this thesis was to
develop a surface modification method suitable for providing spatially controlled ligand
presentation on resorbable, three-dimensional devices where a simple coating approach is
problematic. We chose to focus on the particular application of tissue engineering scaffolds for
these studies.

Tissue engineering is a field that focuses on the repair of lost or damaged metabolic
function through the transplantation of cells using an open or closed scaffold delivery system?.
Tissue engineering as a discipline developed in response to the need for an alternative to organ
transplantation. One quarter of all patients yearly in need of an organ transplant die before
receiving treatment, due to the severe shortage of donor organs2. Unfortunately, current statistics
predict a steadily increasing gap in the number of available organs vs. the number of needy

patients, and optimism for increasing the donor pool is low2.
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Figure 4.4. Schematic representation of comb polymer systems. (a) Comb polymer thin films. (b)
Coalesced latex films. (c) Embedded latex films.
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As an alternative to transplantation, patients traditionally receive one of three procedures
when available: surgical reconstruction (e.g. heart), mechanical devices to replace the lost organ
function (e.g. kidney dialysis), or drug therapy (e.g. diabetes patients)®>. While these approaches
are not limited by donor supply, each suffers from several other disadvantages. Surgical
reconstruction often fails in the long term (e.g. a few years post-procedure), while mechanical
devices only replace limited function. Drug therapies offer limited function replacement and
undesirable, sometimes dangerous side effects!. Replacement of failed organs and tissues by
tissue engineering offers the promise of complete or near-complete permanent restoration of
function with no donor supply limitations, reduced risk of rejection of transplanted cells, and no
long-term side effects.

Tissue engineering approaches can be broadly classified into two categories; in vivo
synthesis and in vitro synthesis. In vivo synthesis is performed by implanting a scaffold into
which cells grow from surrounding tissues in sifu, regenerating the lost tissue under the guidance
of the scaffold? 93. In vitro synthesis is performed by seeding autologous or donor cells on a
scaffold in culture, regenerating the tissue in vitro, followed by implantation of the finished
structure? 93, Tissue engineering is a topic of current research for all 4 types of tissue (epithelial,
connective, muscle, and nerve). Cell transplantation approaches are being studied to replace or

repair cartilage2, bone%4, skin95-98, nerve?9-101, kidney?®, blood vessels!92, and liver!®,

Tissue Engineering Scaffolds

The design of artificial matrices for in vivo or in vitro tissue synthesis presents an
exciting challenge for the materials scientist. Tissue engineering requires a means to deliver
cells to an implant site, to provide a template for their organization, to guide cell function, and to

provide protection (mechanical and chemical) from the surrounding tissue over a prescribed time
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period? 90.91.99_ Further, cell scaffolds must not induce an intense or prolonged inflammatory
response in vivo and must degrade in a controlled manner without toxic byproducts2 6: 104,
Ideally, the scaffold surface would be protein-resistant and guide cell function via controlled
presentation of peptide signals43. 54,

Cell scaffolds prepared in current research are typically open cell foams with pores
ranging from a few tens to several hundred microns in diameter, depending on the application,
with porosities > 95%90: 93. 104,105, The vast majority of studies on the fabrication and use of
these structures for cell delivery have focused on the development of a suitable morphology
using a polymer with the desired biodegradation characteristics36: 57. 91,92, 106 Few studies have
been concerned with tailoring the surface of biodegradable materials to incorporate protein
resistance and biochemical signaling. This is due in part to the difficulty in chemically
modifying the surface of biodegradable materials in a controlled manner. Preparation of
biodegradable polymers with pendant functional groups is difficult and achieved with poor yield,
low functionalities, and/or low molecular weights!07. 108 Black et al.4! investigated one route to
functionalize biodegradable poly(lactide) with peptide ligands by preparing block copolymers of
PLA with short poly(ethylene oxide) blocks that had functionalized end-groups. Films of the
block copolymer present a protein resistant PEO surface layer end-capped with the ligand of
interest. However, these copolymers provide no route for controlling ligand distribution, except

through macroscopic patterning of the polymer functional groups.

As an alternative to direct chemical modification of a biodegradable polymer, Park et al.
investigated the use of a solid free-form fabrication process (3DP™) to incorporate end-
functionalized PEO-PPO-PEO block copolymers into the surface of degradable poly(lactide)
devices34. Devices were fabricated by the 3DP process, by “printing” microdroplets of block

copolymer solution onto the surface of PLA. The printed polymer is permanently entangled with
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the surface after evaporation of the solvent. Cell-resistant PLA surfaces were prepared in this
manner. To present ligands for cell adhesion at the surface, Park et al. functionalized the PEO
chain ends of the triblock with a sugar residue recognized by a hepatocyte cell-surface receptor.
Surfaces presenting the tethered sugar were resistant to nonspecific cell attachment but also did
not support strong spreading of hepatocytes. They reasoned that much of the ligand was
inaccessible at the surface due either to steric interference from unfunctionalized PEO chains or

burial of the ligand within the bulk during the printing process.

Surface Modification of Polylactide

To address the issues described above, we explored the use of surface segregation to surface
modify polylactide biomaterials by blending PMMA/PEO comb polymers with polylactide.
PLA has excellent bulk properties, but as stated above, PLA'devices have no controlled cell
interactions. Surface segregation was studied as a means to provide a protein-resistant cell-
signaling comb polymer surface layer on devices which could be fabricated by typical processing

routes used for tissue engineering scaffold preparation.

Surface segregation is the formation of a layer enriched in one of the components of a
blend at a substrate interface or free surface. Segregation can be a consequence of bulk phase
separation coupled with preferential surface interactions of one of the components, or in miscible
blends, driven solely by surface free energy minimization. Segregation has been predicted and
observed for homopolymers!99-116_ block copolymers!17-120, end-modified copolymers!21-125,
graft (comb) copolymers80: 126,127 and star homopolymers and copolymers!?7. Of these
architectures, comb polymers appear to have the greatest potential as surface segregation agents
for creating clinically-relevant clustered ligand surfaces. Homopolymers are unsuitable surface

segregation agents as the repeat units which one might use for eliminating nonspecific cell

36



interactions with biomaterials (e.g. ethylene oxide, dextran) are water soluble and the resulting
surface structure would be unstable ir vivo. Block and star copolymers, on the other hand, are
typically prepared by anionic methods that are both costly and time intensive 128, In addition,
PEO blocks of greater than ~10 repeat units may crystallize’: 129, making them inefficient
surface modification agents, and PEO-containing block or star copolymers may also form
micelles in the bulk of the material’®, compromising both their surface activity and bulk
mechanical properties. In contrast, comb polymers with short PEO side chains can be
economically synthesized with a large fraction of PEO units while remaining water insoluble,
noncrystalline, and less subject to micellization.

To avoid bulk amorphous phase separation and an accompanying loss of mechanical
properties!30, a miscible surface-segregated blend is desirable, i.e. a blend that contains a surface
layer enriched in cell-guiding comb polymer but remains homogeneously mixed in the bulk
amorphous phase of PLA. While PLA blended with POIMMA-r-POEM) has not been studied to
date, the miscibility of blends of PLA with PMMA or PEO has been previously examined by
thermal techniques. Eguiburu et al.13! studied blends of PMMA with poly(D,L-lactide) or
poly(L-lactide) by DSC. They showed that amorphous PMMA/PLA blends are fully miscible,
while semicrystalline PMMA/PLA blends appear to be miscible if the blend is annealed to allow
rearrangement of the crystal structure. Younes and Cohn!32 found evidence of miscibility in the
amorphous phase for PLA blended with low molecular weight PEO (M < 10K g/mol), although
crystallization of both components led to phase separation for some compositions. Nijenhuis et
al.!133 and Yang et al.!134 studied blends of high molecular weight PEO with PLA, also by

calorimetry, and found the blends to be completely miscible in the amorphous phase.

In the present work, a theoretical self-consistent field model of PLA/comb polymer blends
was used to predict the composition profiles of surface-segregated materials. The effect of

37



changing thermodynamic driving forces on blend surface compositions was studied. Surface
segregation of the amphiphilic comb polymer driven by annealing of blends in water was
predicted to provide excellent surface enrichment of the cell-signaling component. Molecular
weight and film thickness effects on surface segregation were also investigated.
Experimentally, thin film blends of poly(lactide) and comb polymer were studied, and
conditions for surface segregation of comb polymers in PLA were identified which provide a
comb-enriched surface layer suitable for controlling ligand spatial distribution by nanoscale
ligand clustering. Tailoring of cell adhesion on PLA was achieved through surface segregation
of adhesion ligand-bearing comb polymer, recapitulating the cell-signaling comb polymer
structure at the surface of PLA films. This thermodynamic self-assembly process provides a
straightforward route to implement comb polymer-based control of cell-surface interactions on a

great variety of complex three-dimensional biomedical devices.

4.5.4 Spatial Distribution of Ligand in Integrin Signaling

Because integrin clustering is the key feature of focal adhesions and appears to be required for
full integrin mechanical and chemical signaling34 38, the distribution integri-binding ligands on a
substrate should have a strong influence on cell adhesion. One possible mechanism for focal
adhesion formation would be nucleation of protein aggregates at sites where several receptors
cluster due to binding with closely apposed ligands. If this were the case, the strength and
organization of cytoskeletal connections to sites of clustered ligand (via integrins) would be
influenced by both the total ligand density as well as its local distribution, i.e. the true (not
average) distance between neighboring ligands at 10-100 nm length scales. Receptor binding

might thus be dramatically affected by ligand clustering. In addition, if the strength or
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organization of integrin-cytoskeletal linkages depends on integrin clustering, then control of both
total ligand density and ligand clustering would have quantitative effects on cell attachment |
strength and the response of cells to applied forces.

To complement studies on the preparation of clustered ligand surfaces using comb
polymers, we carried out a theoretical analysis of potential effects of ligand nanoscale clustering
on receptor binding. A simple analytical model and a Monte Carlo lattice model of the interface
between a cell membrane and substrate presenting clustered ligands were developed. These
models predict potentially large increases in receptor binding induced by ligand clustering under
conditions where the effective affinity of receptor-ligand interactions is influenced by receptor
clustering. Thus a mechanism is proposed by which strong increases in receptor binding, and as
a consequence, increases in cell-cytoskeletal connectivity, might be expected by presentation of

nanoscale-clustered ligand.

Finally, in order to indisputably demonstrate the potential effects of controlling ligand
spatial distribution using comb polymer surfaces, studies were made of the adhesion of cells to
clustered adhesion peptide surfaces. Cell adhesion strengths were quantified using a centrifugal
force detachment assay. Comb polymer surfaces presenting ligands clustered on 100-300 nm
length scales were used to control cell adhesion. Clear functional dependence of cell adhesion
on ligand surface distribution was demonstrated in these experiments. The results indicate that
comb polymers do allow effective clustering of ligand and that this local-scale distribution can
be used to modulate cell adhesion and response to external forces. Comb polymers are thus a

facile route to control cell adhesion via nanoscale ligand clustering.
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4.5.5 Outline of the Thesis

The experimental and theoretical work carried out to fulfill the objectives discussed in sections
4.5.2,4.5.3, and 4.5.4 is presented in Chapters 5 through 10 of this thesis. Chapter 5 describes
the theoretical models used to study receptor binding to clustered ligand surfaces and comb
polymer surface segregation, as well as group contribution calculations used to predict several
properties of P(MMA-r-POEM) comb polymers. Chapter 6 describes in detail the preparation of
the materials and the analytical techniques used to characterize them. Surface preparation and
analysis techniques are described, as well as cell culture experiments carried out on comb
polymer surfaces. Chapter 7 presents the results from theoretical studies of clustered ligand-
receptor binding, and discusses design criteria for clustered ligand surfaces. This is followed in
Chapter 8 by experimental studies on the implementation of protein-resistant tethered ligand
surfaces with control over ligand clustering using PMMA-based comb polymers. Results
identifying the structure and composition of comb thin films resistant to nonspecific cell
adhesion are discussed, followed by results obtained for comb-stabilized latexes. Secondly,
experiments on comb thin films and latex films permitting controlled cell adhesion via tethered
RGD peptides are discussed. Finally, results for tethered epidermal growth factor-induced PC12
cell differentiation on comb thin films are presented. In Chapter 9 the use of comb polymers for
surface modification of complex 3D structures in the context of tissue engineering is discussed,
through studies of comb polymer surface segregation in biodegradable polylactide. Theoretical
predictions for surface segregation from SCF calculations are presented. This is followed by
experimental results for polylactide/comb polymer thin films blends. Creation of cell-resistant
layers on polylactide blends or tuned cell adhesion via tethered RGD is demonstrated through
water annealing of blend thin films. Chapter 10 unites the theoretical and experimental work on

comb polymer surface design in a study of clustered adhesion ligand effects on cell adhesion

40



strength. Adhesion of cells on nanoscale-clustered RGD peptides is compared with cell adhesion
on adsorbed fibronectin, and a model describing clustered ligand effects is proposed. The thesis
closes with a summary of conclusions gathered in this work and a discussion of important future

directions.
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5 Theoretical Methods

5.1 Modeling Cell Interactions With Clustered Ligand Surfaces

5.1.1 Description of the Cell-Substrate Interface

An analytical model and a Monte Carlo simulation were developed to model the interface
between a cell membrane and a rigid substrate presenting tethered ligands for membrane-bound
receptors. The models consider the interaction of cell surface integrin receptors with ligand
immobilized on the substrate discretely or in clusters (groups of multiple ligands confined to a
defined area). The physical picture is schematically shown in Figure 5.1. The cell membrane is
flat against the substrate with a constant separation of 300x10™ cm, comparable to the distance
over which integrins can interact with ligand®. Unligated integrins can diffuse freely in the plane
of the membrane!35 and interactions between integrins and other membrane components are
neglected. Ligand is immobile on the surface, modeling the case of adsorbed adhesion proteins

or (as depicted in Figure 5.1) peptide ligand immobilized on an artificial substrate via short

tethers 40. 41,45, 47,51
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Figure 5.1. Schematic of cell membrane-substrate interface modeled.

5.1.2 Analytical Model

The effect of ligand surface distribution on equilibrium receptor binding was first analyzed for
the case of receptors binding clustered ligands when the binding energy of the receptor-ligand
pair is unaffected by nearest-neighbor interactions between receptors. For analysis, a one-
dimensional strip of the 2D cell-substrate interface is considered. It is assumed for simplicity in
this calculation that the ligand clusters are regularly distributed on the surface, with a line density
profile in 1D as shown in Figure 5.2. The equilibrium reaction between a free receptor R and
unoccupied ligand L is:

R+LeC (Eqn 5.1)

where C is the complex formed by the bound receptor-ligand pair.
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To determine the effect of ligand clustering on binding for the case where this single reaction
describes receptor-ligand interactions in the system, the total number of complexes in the system
at equilibrium is calculated from a spatially-dependent mass action law. The receptor-ligand
binding reaction at equilibrium is governed by:

pClD = leDpRID[KDlD (qu’l 5.2)

where p."”, p,"”, and p, " are the line densities (#/length) of receptor-ligand complexes,
unoccupied cell receptors, and unoccupied ligand, respectively, and K, " is the 1D equilibrium
dissociation constant (with units #/]ength). Because receptors are free to diffuse along the slice
of the interface, the free receptor concentration profile is spatially invariant at equilibrium-

diffusion will continue to adjust the local unbound receptor concentration to maintain a flat

44



density profile as ligand binding occurs. Note that steric interactions between receptors within
clusters are neglectied in this calculation. Immobilized ligands provide a varying function in x
for p,"", p,"(x). A clustered ligand surface is modeled by taking a square wave for the ligand
density p_°(x). The parameters describing the function are the amplitude p, .'"” (local line
concentration of ligand within a cluster), cluster size D, and cluster separation d. For a total
number of clusters » within our 1D slice and total length of interface X = n(D + d), the average

ligand line density is:

<p'’> = nDpy '° /X (Eqn 5.3)

Because the ligand density is a spatially varying function, the receptor-ligand complex
line density will also have an x dependence, as schematically shown in Figure 5.2. p,"(x) will

be a step function:

pC‘D(x) = pc,cm =pL ’Cm pRID/KD") for x within clusters (Eqn 5.4)
{ 0 elsewhere

where p,"” (no x dependence) is the free receptor density everywhere along the interface:

PR = (Xpr,1'" - nDpcc"WX =pra'” - <pc'®> (Eqn 5.5)

where p, . is the total initial receptor density. Substituting equation (Eqn 5.5) into (Eqn

1.4), we obtain for the local line concentration pC’C1D of complexes within a cluster:
pec’® = (e prr'” W(Kp™ + <p.'">) (Eqn 5.6)

The total number of complexes (C) in the 1D strip will be:

X
C=XY  pc'x)=nDpcc™ = (X<p.®>pr r"W(Kp'™ + <pr'”>) (Eqn 5.7)
x=0
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which is exactly equivalent to the result expected for the case of a homogeneous
distribution of ligand where p, "°(x) = <p, "> for all x. Thus clustering ligand without changing
the nature of receptor-ligand interactions (or introducing other molecules for receptors to interact
with) does not increase the total number of complexes formed. Comparing the same total
density of ligand clustered and unclustered, the total number of complexes formed is the same
because the local increase in p.. induced by increased ligand concentration within clusters is
exactly offset by the decrease in ligand density outside the clusters. Only local complex
densities (within clusters) can be affected. The local complex density within ligand clusters
along a strip of the cell-substrate interface in terms of the mean complex density for the same

total amount of ligand distributed randomly is:

pC,clusteredlD = (pL,C1DpC,unclustered1D)/<pL1D> = (XpC,unclusuredID)/nD (Eqﬂ 5-8)

For example, nanoscale clustering of 5 ligands within a 400 nm’ area, at a total ligand density of
500 ligands/um’, would give an increase in local complex density within clusters of 5 times the

average total complex density on a surface with a homogeneous random ligand distribution. . It
should be emphasized, however, that steric interactions between receptors within a single cluster

are not accounted for in this model and may influence this result.

5.1.3 Monte Carlo Simulations

Model description

To probe the role of steric effects as well as binding affinity effects with varying ligand spatial
distribution, a Monte Carlo simulation of the cell-substrate interface was developed. The model
is schematically shown in Figure 5.3. The contact area of the cell membrane against the
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substrate is modeled as a planar square lattice (500x500 sites). Coarse-graining the model at the
level of 100 nm” of surface area per lattice site (approximately the size of integrin receptors 1),

gives a total model area of 25 um’, approximately 2.5% of the total real area of contact (~1,000

um’) 136 of a well spread fibroblast on a substrate. Diffusion of receptors or ligand in the third
dimension (the height between the surface and cell membrane) has been neglected, as the
separation between the cell membrane and the surface is comparable to the size of the receptors
and small relative to the lateral length of the lattice.

The lattice is occupied by three components: tethered (immobilized) ligands, mobile cell
surface receptors, and immobilized receptor-ligand complexes. The number of receptors on the
lattice is fixed at 2,500, modeling a cell with 100,000 total receptors!3¢. 137, A ligand or complex
located on a given lattice site is immobilized to that 100 nm® area. Receptor diffusion in the cell
membrane is modeled by allowing receptors (labeled "R" in the schematic) to move during the
simulation to nearest neighbor sites on the lattice. When a receptor diffuses into a site occupied
by a ligand, a complex is formed ("C" in the schematic). Volume exclusion of the receptors and
complexes is maintained by disallowing moves which place one receptor in the same lattice site
as another free receptor or complex. To minimize finite size effects, periodic boundary

conditions are employed at the edges of the lattice.

47



discrete clustered

S it RN 2 s 1. | -1:_._ T J =1 I _.~| ;. 1 :!

L

e
= |

el

Figure 5.3. Schematic of lattice model for cell membrane-substrate interface. A cell membrane apposed with
a surface presenting tethered ligands for cell surface receptors is modeled as a two-dimensional square lattice.
Each site of the lattice may be occupied by either a tethered ligand (L), mobile receptor (R), or tethered
ligand-receptor complex (C). Clustered ligand surfaces are modeled by placing ligands in ordered arrays
placed randomly on the 2D lattice.

=

The spatial distribution of ligands is determined at the outset of the simulation and
remains static during equilibration of the system. The ligand distribution for a given simulation
is determined by the total fraction of lattice sites to be occupied by ligand and the cluster size D
(the number of sites comprising the linear dimension of the cluster). Clustered ligand
presentation is modeled by placing ligand in square arrays of 1-20 lattice sites per side (D = 3 —
3x3 arrays of ligand). At the outset of the simulation, clusters are placed randomly on the lattice
(preserving volume exclusion of the ligands; only one ligand is allowed to occupy any given
site), until the prescribed fraction of lattice sites is filled. Unclustered ligand presentation is
modeled by setting D = 1. Total ligand densities in simulations were varied two orders of
magnitude from 30 ligands/um’ to 4,000 ligands/um’. After placing ligands, receptors are also
initially placed randomly on the lattice, on unoccupied sites, until the prescribed number of

receptors is allocated.
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Dynamics of the system and evolution of the equilibrium state from the initial placement
of receptors and ligands are simulated by diffusion of receptors and receptor-ligand
binding/unbinding. At each cycle of the simulation, one receptor is chosen at random, a
direction to attempt moving that receptor is also randomly chosen (up, down, left, or right on the
lattice), and the attempted move is accepted or rejected according to excluded volume constraints
and the Metropolis criterion. Excluded volume rejects any move that will place a receptor on a
Site already occupied by either another receptor or receptor-ligand complex, while the Metropolis
criterion ensures sampling of the equilibrium distribution of the system 138, For the current
model, the Metropolis criterion sets the probability for accepting a move of a receptor to an
unoccupied site or unoccupied ligand, based on energetic interactions between the components
of the system. We define for convenience the energy of receptors to be O in the unbound state,
while the energy of the receptor-ligand complex is E (E < 0). Moves which leave the energy of
the system unchanged or which lower the energy of the system are automatically accepted. Thus
moves of unbound receptors through the lattice or moves of an unbound receptor onto a free
ligand (forming a complex) are accepted with unit probability. Diffusion of a receptor off a
ligand site (breaking a receptor-ligand bond) is allowed with probability p = exp(-AE/kT) =
exp(E/KT): the energetically unfavorable process of breaking the ligand-receptor bond is
allowed, but only with a likelihood determined by a Boltzmann weight for the bound state.
Simulations using one binding energy to describe receptor-ligand interactions are hereafter

referred to as the single-state model.

Modeling Complex-Complex Interactions

In order to examine the effect of binding energy changes due to clustering of ligated receptors, a

two-state binding energy model was used. Two different possible energies for the bound
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receptor state were introduced, E; and E; (E; < E; < 0), which represent the energy of discrete
receptor-ligand pairs and clustered complexes, respectively. Clustering changes the binding
energy via nearest neighbor complex interactions: complexes which form adjacent to an existing
receptor-ligand pair break with a probability p, = exp(E»kT), while discrete complexes break
with probability p,= exp(E/KT) (p2 < pi). This simple model allows us to account for an
effective increase in the affinity of receptor-ligand interactions within clusters.

Two types of immobilized ligand were modeled: adsorbed adhesion proteins (e.g.
fibronectin, laminin, etc.) and immobilized low molecular weight adhesion peptides. Adsorbed
proteins present ligand to cells in vivo and are also important experimental models. Immobilized
peptide ligands, on the other hand, are of interest in biotechnological applications for controlling
cell adhesion on artificial substrates. For modeling purposes, these two different types of ligand
differ primarily in their affinities for integrins. Adhesion proteins have Ks on the order of 10° -
107 M, while linear adhesion peptides such as GRGDS have much lower affinities!®. 139, K ~ 10
*_ 10*M. Simulations were run using discrete receptor-ligand binding energies E;
corresponding with these solution Ks. To model tethered RGD peptides, E; was set to -1.0kT
(K, ~ 2x10* M); to model adsorbed full adhesion proteins E; was set to -5.0kT (K, ~ 3.7x10°
M). To investigate the effects of increased affinity on clustering, we varied the clustered-state

binding energy E> from 1E,; — 8E;.

Equilibration of Systems

Equilibration was effected by repeating the cycle of receptor selection and attempted movement.
The equilibrium state of the system evolves after many Monte Carlo (MC) steps, defined as the

average number of cycles required to randomly select and attempt moving each receptor once.

For the receptor density studied (2,500 receptors on the lattice, or 100 receptors/Lm’), the
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average number of cycles per MC step was ~20,000. Given known diffusivities of membrane

“ cm’/s) 9, we can correlate one Monte Carlo step with approximately 100-

receptors (10°-10
1,000 microseconds of real time. From the stochastic initial receptor distributions, the
equilibrium state of the cell-surface interface was found to evolve within ~250 MC steps for
clustered ligand systems (and much faster for D = 1 unclustered ligand distributions). In real
time, this correlates with a timescale on the order of a few seconds. Two examples illustrating
system equilibration are shown in Figure 5.4, where the instantaneous percent of bound receptors
for D =1 in the single-state model and D =5 in the two-state model are shown.

Equilibrium values for system properties were determined by averaging steady-state
values over 10" cycles (beginning after 10’ cycles for equilibration) for 3 separate random cluster

distributions. The primary attribute of interest for each simulation is the number of receptors (or

fraction of receptors) bound at equilibrium.
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Figure 5.4. Evolution of equilibrium state for two example simulations. (*) Instantaneous number of bound
receptors for an example single-state simulation. D = 1, ligand density 100/um’, 2,500 receptors, and E = -
2.0kT. () Bound receptors for an example two-state simulation. D = 5; 1,000 ligands/um’; E; = -2.0kT and
E; =-6.0kT.
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Relationship Between Model Parameters and Solution Affinities

The equilibrium receptor-ligand dissociation constant K is related to the bond break probability
p. At equilibrium, the number of bonds formed per unit time must equal the number of bonds
broken. For the lattice model, this is expressed as:

@orlDPLAINY(Pr;1 - POAIN®) = Pof DN(PAIN?) (Eqn 5.9)

where p,, is the probability for bond formation per site occupied by both receptor and
ligand per simulation cycle, pos is the probability for breaking a bond per site occupied by a
receptor-ligand complex per MC step, T is the amount of real time per MC step, p, is the total
ligand surface density, p, is the total receptor surface density, p, is the complex surface density,
A is the area modeled, and N” is the total number of lattice sites in the model (N sites per side in
the lattice). The quantities (pLA/Nz), ((Prr - pC)A/NZ), and (pCA/Nz) are probabilities a given site
on the lattice is occupied by a ligand, unbound receptor, or complex, respectively. The bond

formation/break probabilities p,, and p,g are:

Pon=1 (Eqn 5.10)
Pogg=p = €T (Eqn 5.11)

Equation (Eqn 5.9) is the lattice equivalent of the real-space mass action equation:

konpLPr— PC) = kopPc (Eqn 5.12)

Thus the bond break probability p is related to the two-dimensional affinity constant K_™:

Kp®™ = kyfkon = pL{PR - P)/pc = pla = [area’] (Eqn 5.13)
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Where a is the area per lattice site (= A/N° = 1x10™* cm’/site). K, can in turn be related
to the standard solution 3D K by considering the volume of the surface-localized receptor-
ligand interactions. We assume the cell-substrate interface is planar in this model with a
separation d ~ 300x10™ cm, consistent with the separation required for receptor-ligand
interactions®. The 3D K, is (in its standard units, assuming K * is in units of cm™):

Kp = (1,000K,™)/(dN,) = (1,000p)/(d a N,) = [mol/L] (Eqn 5.14)

where N, is Avogadro’s number. Using our model parameters for d and a, the 3D K =
5.53x10°p. Figure 5.5 plots the equivalent 2D and 3D K_’s as a function of the binding

probability p and the dimensionless binding energy AE/KT.
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Figure 5.5. Two-dimensional and three-dimensional Ky’s as a function of model parameters p and AE/KT.
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5.2 SCF Calculations of Comb Surface Segregation and

Polymer/Water Interface Structures

5.2.1 Self-Consistent Field Description of Polymer Blend System

Self-consistent field (SCF) calculations were used to predict the one-dimensional concentration
profiles of comb polymer/homopolymer surface-segregated blends and comb polymer/water or
blend/water interfaces. An extension of the Scheutjens and Fleer lattice SCF theory!40-142 was
used, which has been extensively treated in the literature109, 115, 126, 140-144 Polymer chains are
modeled as chains of connected segments, each of which has the same size as a solvent
molecule, equal to one lattice site in volume. No "free volume" is allowed in the system and
every lattice site must be filled (statistically) by either a polymer or solvent segment. Any
symmetries present in the system of interest are identified and used to limit the number of
explicit contacts that must be counted when calculating the equilibrium segment distributions.
Here the composition profiles of polymer/solution interfaces and blend surfaces modeled are
inherently one-dimensional, varying only in the direction perpendicular to the substrate.

Concentrations of the components will be uniform in a given plane parallel to the interface.

Our objective with these theoretical calculations is to predict the component
concentration profiles of 1) comb polymer/homopolymer blends at equilibrium with water at the

free surface, and 2) comb polymer/water interfaces.

5.2.2 Surface Segregation Calculations

Calculations were made for the case of blend thin films confined between two
impenetrable planes, representing the substrate and contacting aqueous solution, respectively.

Similar calculations for homopolymer blends were made previously by Hariharan et al.!!> The
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lattice orientation for these calculations is shown in Figure 5.6. We modeled miscible polymer
blends, so that the only expected gradients in the concentration profiles of the blend components
will occur at the polymer/water interface, perpendicular to the plane of the film. Figure 5.6(a)
depicts example one-dimensional volume fraction (0) profiles for the matrix and comb polymer
as might be obtained from the calculations. Polymer chains in the blend are modeled as
connected segments on the three-dimensional lattice as shown in Figure 5.6(b). A mean-field
approximation is applied within the plane of the substrate and the system is subdivided into
layers (each one lattice site deep) of homogeneous polymer concentration (Figure 5.6(c)).

The polymer blend is comprised of two polymer chemical species, hydrophobic segments
and hydrophilic segments, designated A and B respectively. Water at the free surface of the
blend is considered as a single-segment molecule of a third chemical species, type S. Blends
were modeled as mixtures of linear A homopolymer with comb polymers having A segment
backbones and B segment side chains (or teeth). Contacts between polymer segments of type A
and B are calculated statistically within the mean field approximation. The number of contacts
of A on a given lattice site in layer z with neighboring B segments within the same layer, for
example, is equal to the A segment concentration on the site ¢,(z), which is the same for all sites
within layer z, multiplied by the statistical number of B-segment nearest neighbors within the
same layer (the product of the B segment concentration within layer z, ¢,(z), and A, the fraction
of nearest-neighbor sites within layer z- for a hexagonal lattice, 6/8). Contacts between segments
in adjacent layers are also calculated by mean-field approximation: the average number of
contacts between a segment in layer z and layer z+1/ is simply the product of the volume fraction
of polymer in sites at layer z+/, the volume fraction at sites in layer z, and the fraction of nearest

neighbors connecting a given single site in layer z to layer z+1 (A,, for a hexagonal lattice, 1/3).
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Contacts between layer z and layer z-/ are found in a similar manner. Thus the total number of
contacts nap between an A segment in layer z and adjacent B segments is:

nan(2) = $a@)[M10B(Z-1) + ho0p(z) + Mdp(z+1)] = 9a(2)<0n(2)> (Eqn 5.15)

The energy of contacts between the components of the system is given by the magnitude
of the Flory-Huggins segmental interaction parameter X for each chemical pair multiplied by the
number of contacts and kT; increasing values of x, correspond with increasingly unfavorable
interactions between two segments of chemical type i and j. To model a miscible blend, ), 1
fixed at 0.0. (Miscible polymers typically have interaction parameters near zero or very small
negative values!4%). A relative attraction of the hydrophilic surface units to the water-contacting
surface of the blend is modeled by setting ¥, < X,s (S designating the solvent contacting the
blend at the free surface). In calculations specifically modeling polylactide/PMMA comb
polymer blends, the B segment interaction with the surface is set to that of PEO with water!46,
s = 0.4, and the A segment interaction with the surface is set to s = 1.25, providing a

repulsion of the hydrophobic segments from the surface. This simple lattice model does not,
however, allow explicit accounting of the entropic nature of the hydrophobic effect at the

water/polymer interface. The relatively favorable localization of hydrophilic species at the

surface is approximated only through the magnitude of each ) parameter.

The equilibrium distribution of polymer segments within the lattice is calculated by
solving for concentration profiles of the components that satisfy a diffusion equation
(maintaining chain connectivity and accounting for the configurational degeneracy of the
system) subject to an external potential that maintains the constraint of incompressibility; the
potential must be simultaneously self-consistent with the polymer concentration profiles. SCF

calculations can provide a wealth of information on the system, including the 1D concentration
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profiles of the polymer and solvent molecules, of individual segments of molecules, and also
provides thermodynamic quantities such as the free energy or entropy of the system. The set of
nonlinear equations governing the components and system constraints are solved by numerical
iteration using an unconstrained nonlinear optimization routine!47. The set of nonlinear
equations used to describe the system and their solution are explained in more detail in Appendix
B.

Calculation of theoretical concentration profiles for blends of comb polymers mixed with
high molecular weight linear homopolymer having 1000 segments per chain (N = 1000, segment
type A) were made. The comb consists of short teeth of type B (N, = 4) spaced evenly every 7
units along a backbone of 150 A segments (20 total teeth per comb), providing a repeating
structure as shown schematically in Figure 5.7. This architecture and composition models the
C1 comb polymer prepared for experimental studies, providing similar mole and weight fractions
of the hydrophilic side chain segments. The number of lattice layers (M) in blend calculations
was fixed at 450 (assuming a segment size of =5 A, this models a blend film =2,200 A thick),

except for calculations where the effect of film thickness was explicitly examined.
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Figure 5.6. Schematic of blend systems and orientation of lattice for surface segregation

calculations. (a) Schematic of blend thin film and concentration profiles in the

blend. (b) Polymer chains are modeled as connected segments on a three-dimensional hexagonal lattice,
confined between an impenetrable water interface and solid neutral substrate. (c) Lattice layer orientation
for SCF model. Concentration variations are only considered in layers parallel with the substrate.
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backbone

Figure 5.7. Comb Architecture for SCF Model. The comb additive consists of 20 side chains (chemical type
B) of 4 units each, evenly spaced every 7 segments along a backbone (chemical type A) of 150 units.

5.2.3 Polymer/Water Interface Calculations

A second set of SCF calculations was made to predict the composition of comb
polymer/water and blend/water interfaces. The lattice description of these systems remains as
depicted in Figure 5.6, however, water is now explicitly included in the calculations as a single-
segment molecule of type S. An example of the type of concentration profiles generated in these
calculations is shown in Figure 5.8. The water/polymer interface is initially created by making
calculations for a system with segment potentials biased to place polymer and solvent at opposite
boundaries with y interaction parameters set to induce phase separation. A semi-infinite system
is modeled by using reflecting boundary conditions (component concentrations at the boundaries
are set equal to those present in the adjacent lattice layer)!42, The influence of system variables
on the interface structure can then be examined in subsequent calculations, using the initial semi-
infinite interface result to start numerical solutions of the model.

Interface structure calculations were made for comb polymer films in contact with water

(presented in Chapter 8) and comb polymer/PLA blends in contact with water (presented in
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Chapter 9). The architecture of the comb polymer and PLA used for these calculations was the
same as that described above for SCF calculations of surface segregation. ), parameters modeling
interactions between water and the hydrophilic or hydrophobic polymer segments were ), =0,
Yus = 0.4, and = 2.5. This larger value of , vs. that used in the hard-wall segregation

calculations counterbalances the increased entropy of mixing created by including the
monomeric solvent in the calculations explicitly. Equilibrium concentration profiles calculated

for each system component are presented.

5.3 Group Contribution Predictions of Polymer Physical Properties

Group contribution calculations were made following the procedure of Van Krevelen!48 to
predict the molar volume and glass transition temperature (T,) of the PIMMA-r-POEM) comb
polymers synthesized in this work. Group contribution calculations predict physical properties
of materials based on aggregate accounting of contributions due to individual chemical units of

the molecules.

WALEE polymer

I
0 layer M

Figure 5.8. Concentration profiles as obtained in SCF interface structure calculations.
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Properties are typically calculated as a sum of group contributions weighted by the mole or
weight fraction of each group present in the material. Predicted molar volumes of comb
polymers were used in calculations of near-surface compositions of poly(lactide)/comb polymer
blends from experimental XPS data on blend surfaces, while the T, calculations served to guide
the choice of annealing temperatures in blend experiments. The results for each of these
quantities calculated for carboxylated POIMMA-r-POEM) are summarized in Table 5.1 along with
the values of polylactide (PLA, the matrix polymer for biodegradable blend studies) for
comparison. Calculations were made for C1 P(IMMA-r-POEM) (physical parameters and
structure of this polymer are described in Chapter 6) assuming 100% carboxylation of POEM
chain ends. The polymer contains 62 wt% methyl methacrylate, 18 wt% POEM, and 20 wt%

methoxy-POEM.

P(MMA-r-POEM) Molar Volume Calculation

Molar volumes (V,, amorphous state) were calculated as a sum of group contributions listed in
Table 5.2 weighted by the mole fraction of each group in the materials. The
amorphous/crystalline molar volumes of poly(lactide) have been determined experimentally in
previous work by X-ray diffraction and densitometry!4® (amorphous molar volume V, = 57.7
cm’/mol, crystalline molar volume V_=55.8 cmslmol). However, to obtain an estimate of the
molar volume of the carboxylated comb polymer, we used group contribution calculations, as
predicted molar volumes for pure PMMA and PEO were in good agreement with experimentally

measured volumes.
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Table 5.1. Calculated physical properties of P(MMA-r-POEM) comb polymer and corresponding
experimental data for polylactide.

Polymer V (cm”/mole)** p (g/em®)x* T, (°C)
PLA 55.72/50.85* 1.248/1.290*149 60150
C1 139.33 1.08 43

Calculated P(MMA -r-POEM) properties are compared with the experimentally measured values for PLA.
* Amorphous and crystalline values, respectively. **Values at 298K and 1 atm pressure.

The molar volume of carboxylated PIMMA-r-POEM) was calculated as:

Veomb = Z XiV; (Eqn 5.16)

Where X; is the mole fraction of group i, V; is the amorphous molar volume contribution
from group i, and the summation was carried out for all groups present in the polymer, as
outlined in Table 5.2. The calculated molar volume of the comb polymer and density are 139.3

cm’/mol and 1.09 g/cm’, respectively.

P(MMA-r-POEM) Glass Transition Temperature Calculation

The glass transition temperature of carboxylated PIMMA-r-POEM) was estimated using
a group contribution formalism, in a manner similar to the calculation of molar volume. The
glass transition is estimated as:

Ty = Y/My = £Y, /M, (Eqn 5.17)

where Y, is the molar glass transition function, M, is the average repeat unit molecular
weight, and Y, is the glass transition contribution of chemical group i in the polymer. The
summation is carried out over each of the groups present on average per repeat unit. Using the
composition of PIMMA-1-POEM) described above and the empirically determined values for Y

listed in Table 5.2 from Van Krevelen, we obtain a value of 43°C for Tg.
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Table 5.2. Molecular contributions used in group contribution calculations.
Group V. Y

(cm*/mol) (Keg/mol)

-CH,- 16.37 2700
-C(CH;)}(COOCH5;)- 74.7 35,100
-O- 8.5 4,000
-(CO)O- 23.0 8,000
-CH(CH3)- 32.72 -
_ﬁ:H_ - -
-CH; - -
-COOH - 8,000

From Van Krevelen148,
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6 Materials and Experimental Methods

6.1 Reagents, Polymers, and Peptides

Monomers and Chemicals. Methyl methacrylate (MMA), ethyl methacrylate (EMA),
methyl acrylate (MA), butyl acrylate (BA), poly(oxyethylene) methacrylate (POEM, M, ~ 360
g/mol), methoxy poly(oxyethylene) methacrylate (MPOEM, M, ~ 300 g/mol, 475 g/mol, 1,100
g/mol, or 2,080 g/mol), tetrahydrofuran (THF), azo(bis)isobutyronitrile (AIBN), 1-
methoxyphenol, succinic anhydride, anhydrous dichloroethane, N-methylimidazole, N-
hydroxysuccinimide, dicyclohexylcarbodiimide, sodium cyanoborohydride, 9-
anthracenemethanol, methacryloyl chloride, Tween 20 surfactant, diitodomethane, tritolyl
phosphate, ammonium persulfate, anhydrous sodium sulfate, triethylamine, 2,2,2-
trifluoroethanesulfonyl chloride, and dimethylformamide (DMF) were obtained from Aldrich.
Phosphate buffered saline pH 7.4 and N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)
(HEPES) buffer pH 7.4 were prepared from prepackaged dry packets from Sigma. Butyl
methacrylate was obtained from PolySciences. Sodium hydroxide, petroleum ether, methanol,

dichloromethane, anhydrous ethyl ether, ethyl acetate, and deuterated solvents were obtained



from VWR Scientific. N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
was obtained from Pierce Chemical Company. All reagents were used as received unless
otherwise noted.

Polymers. Poly(L-lactide) (M, ~ 80,000-160,000 g/mol) and poly(D,L-lactide) (M_~
100,000 g/mol) were obtained from Sigma. Poly(methyl methacrylate) (M, = 168,000 g/mol,
PDI = 1.07) was purchased from PolySciences.

Peptides and Proteins. Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) and Gly-Arg-Gly-Glu-
Ser-Pro (GRGESP) peptides were obtained from Gibco. Gly-Arg-Gly-Asp-Ser-Pro-Lys
(GRGDSPK) was obtained from American Peptide Company. Murine epidermal growth factor,

human fibronectin, rat tail collagen, and bovine serum albumin were purchased from Sigma.

6.2 Comb Polymer Synthesis and Molecular Characterization

6.2.1 Comb Polymer Synthesis

The chemical structure of the comb copolymers prepared for these studies is shown in Figure
6.1. The combs are random terpolymers of MMA and two poly(ethylene glycol)-side chain
units, poly(oxyethylene) methacrylate and methoxy-poly(oxyethylene) methacrylate. The comb
polymers prepared for these studies all contained ~50:50 weight ratios of POEM (~6 EO repeat
units) and MPOEM (~9 EO repeat units) except for two experiments where PEO content of
combs and side chain length were specifically varied, as noted below. For brevity, the
POEM/MPOEM/MMA comb polymers are referred to generically throughout as PIMMA-r-
POEM). Combs were synthesized by free radical copolymerization of MMA and POEM
monomers in THF, initiated by AIBN. The following represents a typical synthesis protocol: 21
mL MMA (19.7 g, 0.197 mol), 6.55 g POEM (0.0182 mol), 6.55 g methoxy-POEM (0.0138

mol), and 0.239 g AIBN (0.00146 mol) were added to 500 mL THF in a 1000-mL round bottom
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flask equipped with a condenser. The solution was degassed by bubbling nitrogen 20 minutes,
followed by refluxing at 70° C for 18 hours. The reaction was terminated by addition of 20-50
mg 1-methoxyphenol. The resulting copolymer was purified by two precipitations in 8:1 vol:vol
petroleum ether:methanol and dried in vacuo at 25°C for 24 hours.

Physical characteristics of POMMA-1-POEM) comb copolymers used in the majority of
these studies are listed in Table 6.1. In order to maximize both the protein resistance of comb
surfaces as well as the potential ligand density at comb surfaces, combs were prepared which
maximized the weight fraction of PEO side chain units while maintaining water insolubility.
Our criteria was a solubility of the comb in water < 0.001 g/mL. Combs comprised of < 50 wt%
POEM/methoxy-POEM monomers were by this definition water insoluble.

In addition to C1 and C2 listed in Table 6.1, two series of comb polymers were prepared
to assess the effect of composition and side chain length on the resistance of comb surfaces to
nonspecific cell adhesion. For these two experiments, comb polymers with molecular weights
comparable to C1 were prepared as described above containing only MMA and methoxy-POEM

(no POEM monomer).

iy

Figure 6.1. Base comb polymer structure. Repeat units are (x) methyl methacrylate (MMA), (y)
poly(oxyethylene) methacrylate (POEM), and (z) methoxy-poly(oxyethylene) methacrylate (MPOEM). Side
chain lengths used in the majority of these studies are m ~6 and n ~ 9.
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Table 6.1. Comb polymer physical data.

Comb polymer M, (g/mol) M,, (g/mol) PDI Composition (wt:wt:wt
MMA:POEM:MPOEM)

Cl1 25,870 44,870 1.73 62:18:20

C2 93,900 192,000 2.04 66:16:18

To assess composition effects, combs were prepared containing 20, 30, or 45 wt% MPOEM
(compositions determined by NMR). To examine side chain length effects, combs were
prepared with 45 wt% total MPOEM, using MPOEM monomer having 5, 9, 23, or 45 ethylene

oxide repeat units.

Fluorophore-labeled comb synthesis. Experiments to examine changes in comb
stabilizer molecular weight during dispersion polymerization of latexes were performed using a
comb containing a fluorescent monomer label. The fluorophore monomer was prepared by
reacting 9-anthracenemethanol (2 g) with methacryloyl chloride (1.0 ml) in the presence of
triethylamine (1.53 ml) in freshly distilled THF (50 ml) at 0° C for 2 hours, followed by stirring
overnight at room temperature. The mixture was filtered, the solvent evaporated, and the
monomer redissolved in dichloromethane. The solution was washed with 2 wt% aq. sodium
hydroxide for 20 minutes followed by washing with several fractions of deionized water until the
pH of the water fraction was neutral. The organic fraction was dried over anhydrous sodium
sulfate and concentrated by evaporation. The resulting anthracene-methyl methacrylate
(AnMMA) monomer was refrigerated until used. Fluorophore-labeled comb was prepared by
copolymerization of MPOEM, MMA, and AnMMA (43:55:2 by weight) with AIBN followed by

purification as described for comb polymer syntheses above.
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NMR and Elemental Analysis

Comb compositions were determined using a Bruker Avance DPX400 proton NMR operating at
400 MHz. 'H-NMR spectra were obtained for 1% copolymer solutions in deuterated chloroform
or dimethyl sulfoxide. Yields of functionalization reactions were calculated from elemental

analysis performed on samples by Quantitative Technologies, Inc.

Size Exclusion Chromatography

Molecular weights of the comb were determined using a Waters Associates gel permeation
chromatography-laser light scattering system comprised of a model 510 pump, model 410
differential refractometer, miniDawn laser light scatterer, and two linear Styragel columns
connected in series. Filtered copolymer solutions (0.004 g/mL) in THF were eluted at 30° C.
Absolute number average and weight average molecular weights were obtained using the comb

polymer dn/dc calculated according to148:

dn/dc = (ncomh - nTHF)lpcomb (Eqn 6.1)

Where n.omp 1s the refractive index of the comb polymer, nryr is the refractive index of
the solvent, and p_, is the density of the comb polymer. The polymer refractive index was

measured by ellipsometry ( =1.491), p_._, was estimated by group contribution methods as

comb

described in Chapter 6 (=1.09 g/cm’), and the value for nyyr used was 1.407151. This gives a
value of dn/dc = 0.077 cmS/g, intermediate between the values for PEO (0.068) and PMMA
(0.089) in THF152,

For characterization of comb polymer grafting to latexes (prepared as described below),
anthracene fluorophore-labeled comb and a PMMA latex prepared using this labeled stabilizer
were analyzed by a second GPC system in the laboratory of Professor Paula Hammond. This

system utilized an ultraviolet detector measuring absorbence at 254 nm to detect only
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fluorophore-labeled molecules in eluted samples of labeled and unlabeled polymers (Waters 515
pump, Waters 440 UV detector, and two Styragel columns, with THF as eluent at 1.0
ml/minute). At this wavelength, POIMMA-1-POEM) combs and PMMA latexes have no
absorption band and are invisible to the detector, while the anthracene-labeled comb polymer or

latexes prepared with this labeled comb provide a strong UV signal.

Peptide Coupling

Three different methods were demonstrated for coupling peptides to comb polymers or comb
polymer surfaces as outlined in Figure 6.2: pre-coupling the peptide to comb in solution (before
preparing surfaces), surface coupling peptide to pre-activated comb surfaces, or activating
surfaces in situ just prior to surface coupling. Surface coupling allows one to minimize the
amount of a precious peptide used, as coupling can be carried out with a minimal volume of
dilute peptide solution. However, the solution pre-coupling method (Figure 6.2(a)) was used for
the majority of tethered RGD studies, as this route allows the preparation of many surfaces with
controlled, repeatable total ligand density and ligand cluster size by using the same batch of
RGD-comb polymer in each experiment. These chemistries were performed through activation
of the hydroxyl ends of the POEM side chains with an amine-reactive group, as outlined in

Figure 6.3 for NHS activation and Figure 6.4 for tresyl chloride activation.
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Figure 6.2. Chemical routes used to couple peptides to comb polymer. Symbols: (*) activated comb polymer
end group. (¢) peptide. (a) Activated comb polymer is coupled to peptide in solution. (b) Films of activated
comb polymer are prepared and peptide is coupled to surfaces from solution. (c¢) Films of comb polymer are
prepared and activated in sifu, followed by peptide coupling to the surface from solution.
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Figure 6.3. Carboxylation, NHS activation, and peptide coupling chemistries used for modification of comb
polymers. Products in each step are (1) carboxylated comb, (2) NHS-activated comb, and (3) RGD-comb.

R-(O-CH,-CH,),-OH + CI-SO,-CH,-CF;
| (TEA)
R-(O-CH,-CHj,),-0-S0,-CH,-CF; + NH,-R’

4
R-(0-CH,-CH,),-0-SO,-CH,-CO-NH-R’

Figure 6.4. Tresyl Chloride Activation Chemistry.

Carboxylation of comb polymer. The first step for peptide linking via the NHS route
was carboxylation of the comb polymer, carried out using a modification of the procedure of
Storey and Hickey!33. The following represents a typical synthesis: 8 g comb polymer (0.00889
mol -OH) and 4 g succinic anhydride (0.0889 mol) were added with magnetic stir bar to a hot

500-mL round bottom flask removed from a drying oven (T ~ 150°C). The reactor was capped
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with a rubber septum and purged with nitrogen until cool. 200 mL anhydrous dichloroethane
was cannulated into the flask. The copolymer was observed to quickly dissolve while the
succinic anhydride remained suspended in the solvent. The mixture was degassed 15 minutes by
bubbling nitrogen, then 48 uL N-methylimidazole (NMIM) was added dropwise to the reactor.
Upon addition of NMIM, the solution rapidly cleared. The flask was connected to a condenser
and refluxed 15 hours at 65° C. The carboxylated comb polymer was separated from unreacted
succinic anhydride and NMIM by concentrating in a rotovaporator, precipitating in petroleum
ether, redissolving in THF, and precipitating in 5 vol% aqueous HCl. The polymer was washed
18 hours by stirring in 5 vol% aq. HCI, recovered by filtration, and dried at 60° C in vacuo.
NHS-activation of carboxylated comb polymer. Carboxylic acid groups of the comb
polymer were activated using N-hydroxysuccinimide and carbodiimide, following a modification
of the procedure of Jo and Mikos!54. The following is a representative synthesis: 4.75 g
carboxylated comb, 0.526 g N-hydroxysuccinimide, and 45 mL dichloromethane (DCM) were
added to a 100-mL round bottom flask. The carboxylated copolymer swelled but did not
dissolve in DCM. 0.942 g dicyclohexylcarbodiimide (DCC) was dissol\ied in 5 mL DCM and
immediately added dropwise to the stirring comb/NHS/DCM mixture. Within 15 minutes the
mixture became briefly clear (comb polymer dissolves as carboxylate groups are activated by
DCC) then cloudy again as the dicyclohexylurea side product of the reaction was produced. The
mixture was stirred 12 hours at room temperature. The NHS-activated polymer was purified by
precipitating in anhydrous ethyl ether 2-3 times (redissolving in ethyl acetate at 0.05 g/mL for

second and third precipitations). NHS-activated comb polymer was stored at -20°C until used.

Example NMR spectra of C1 P(MMA-1-POEM), carboxylated C1, and NHS-activated

C1 are shown in Figure 6.5. The spectrum of the unmodified copolymer is characterized by the

72



strong peaks at ~3.6 ppm due to the MMA -OCH, protons and the side chain -CH,CH,O-
protons, as well as the backbone vinyl/methyl group peaks at ~1-2 ppm. The carboxylated
product shows the introduction of a signal at 12.17 ppm due to the -COOH proton and a shift of
the peak for the last pair of protons in the POEM side chains from 4.03 to 4.13 ppm. Activation
of the carboxylated comb with NHS removes the carboxylate proton signal and introduces peaks
for the succinimidal protons at 2.76 to 2.95 ppm. Separation of unreacted reagents and by-
products in each functionalization step was confirmed by GPC (data not shown). Yields from
each of the comb modification reactions were calculated from elemental analysis of polymer
samples. Example results for the C1 PIMMA-r-POEM) before and after functionalization are
listed in Table 6.2, along with the calculated yields.

Tresyl chloride activation of comb polymer. As an alternative to functionalizing
carboxylate groups on the comb polymer, tresyl chloride chemistry was used to bond amine-
reactive groups to hydroxyl chain ends!33. Activation of hydroxyl groups was achieved by
reacting the comb polymer with tresyl chloride (2,2,2-trifluoroethanesulfonyl chloride). The
comb polymer (150 mg) was dissolved in 25 ml dry THF at 4° C. Triethylamine (200 pl) and
tresyl chloride (250 ul) were added dropwise and the reaction was allowed to proceed with

stirring at 4°C for 3 hours. The activated polymer was then recovered by filtration and

precipitation in petroleum ether, dried in vacuo, and stored at -20°C until used.

73



Table 6.2. Example elemental analysis results for functionalized comb polymers.

Sample Wt% C Wt% H Wt%N Wt% O  mol%groups g peptide/mg
Sfunctionalized copolymer
carboxylated C1 57.08 8.15 <0.05 33.36 100.0* -
NHS-activated C1 56.95 7.98 0.55 34.19 86.0** -
GRGDSP-coupled C1 56.55 8.11 1.16 32.33 B8, 50.95

*mol % available hydroxyl groups converted to carboxylate, calculated from wt% C. **mol %
available carboxyl groups activated by NHS, calculated from wt% N. ***mol% available
NHS groups converted to amide linkages, calculated from wt% N.

Table 6.3. RGD-functionalized comb polymer physical data.

polymer base material ~ peptide linked g peptide/mg polymer  # peptides/molecule
C1-RGD1 Cl1 GRGDSP 50.9 2.10

C2-RGD1 C2 GRGDSPK 12.4 1.69

C2-RGD2 C2 GRGDSPK 16.0 2.18

C2-RGD3 Cc2 GRGDSPK 26.6 3.62

C2-RGD4 C2 GRGDSPK 40.0 5.44

C1-RGEl C1 GRGESP 379 1.6

RGD coupling to activated comb polymers. GRGDSP, GRGDSPK, or the inactive analog
GRGESP was covalently linked via an amide bond to the POEM side chain ends. GRGDSPK
peptides were utilized in order to facilitate labeling of surface peptide by fluorescent markers.
RGD-functionalized comb polymers were prepared in solution by coupling RGD to the NHS-
activated comb polymers in DMF/water mixtures using a modification of the procedure of Jo and

Mikos!34,

74



-CH,CH,0-, -OCH;
(@ (a) ()

-Cﬂz-é(Cﬂs)-

(a)

b)) () (b)
—
ol
ooe 12 10 ] ’ T
(b) -COOH
(@)
l
© JULL
) |
O= \C=O
H_z'Jﬂz
(@) (a)
(a) f%
J}\J 1" lL -.,/(\.«-uvgv‘i‘%
oim % T " T

Figure 6.5. "H NMR spectra of P(MMA-r-POEM) comb polymer after activation reactions. NMR spectra
obtained for copolymers in 0.01 g/mL deuterated DMSO. (a) C1 P(MMA-r-POEM) polymer; (b)
carboxylated C1; (c) NHS-activated C1.
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In a typical reaction, 6.2 mg GRGDSP was dissolved in 2 mL PBS. 100 mg NHS-activated
comb copolymer (4.5X excess carboxylate groups) was dissolved in 2 mL anhydrous DMF.
Peptide and comb solutions were chilled with stirring at 4° C for 30 minutes. The comb solution
was then added dropwise to the stirring peptide solution at 4° C. As the reaction progressed, a
milky emulsion formed. The reaction was allowed to proceed with stirring at 4° C for 12 hours,
after which the emulsion was evaporated under low heat (T = 35-40°C) in a chemical hood. The
recovered polymer was separated from any remaining free peptide and hydrolyzed NHS by
dialysis: the polymer was redissolved in 3 mL 50/50 vol/vol water/ethanol and injected into a
dialysis cassette (Pierce Slide-A-Lyzer, 3500 g/mol molecular weight cutoff). The cassette was
immersed in 2 L 50/50 vol/vol water/ethanol and stirred for 3 days with periodic changes of the
medium. Finally, the purified copolymer was recovered by evaporating the dialyzed solution
under low heat (T = 35-40°C) and drying the product in vacuo at 25° C for 24 hours. Peptide-
linked combs were stored at room temperature. Variations in the total RGD content were
obtained by changing the ratio of peptide to polymer during the solution coupling reaction.
Solution coupling of GRGESP and GRGDSPK was carried out in a similar manner. Coupling of
GRGDSPK through the e-amine of the lysine (K) group is expected to be negligible due to the
much lower reactivity of the Lys amine relative to the N-terminal amine (Pierce Chemical Co.,
private communication). Table 6.3 lists the physical data for the number of peptides
incorporated per molecule in each polymer, calculated from elemental analysis results.

To demonstrate flexibility in ligand coupling to comb polymer surfaces, two alternative
approaches were used. First, peptides were coupled to NHS-activated thin films of comb
polymer (1,500 A-thick films prepared on tissue culture polystyrene dishes as described below).
GRGDSP peptides were dissolved at 1.0 mg/mL in pH 7.4 PBS followed by incubation of the

solution over the comb film surface at 4°C for 6 hours. The surfaces were rinsed twice briefly in
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PBS, then stored in PBS at 4°C until use. GRGESP was coupled to NHS-activated C1 surfaces
in a similar manner. Controls for the nonspecific adsorption of peptides to comb surfaces were
prepared by exposing unactivated carboxy-comb films to peptide solutions and rinsing in the
same manner used for linkage of peptides to the NHS-activated films.

As an alternative coupling route, a “one step” coupling procedure was performed through
in situ NHS activation and immediate peptide coupling to comb polymer films. Carboxylated
comb films (1,500 A thick) were first prepared by spincoating from water/ethanol solution onto
tissue culture polystyrene 35mm diameter dishes (as described below). For peptide linking, 9 mg
EDC and 15 mg NHS were dissolved in 4 mL PBS and immediately applied (1 mL per surface)
to dishes. Surfaces were left in contact with the solution 20 minutes at room temperature,
followed by 2X rinsing with ImL PBS. 1 mL of GRGDSP solution (0.5 mg/mL in PBS) was
immediately applied to each surface, and stored at 4°C for 6 hours. Each surface was
subsequently rinsed twice with PBS for 20 minutes each wash. Surfaces were stored under PBS

until used.

RGD-comb for the synthesis of an RGD-functionalized latex was prepared by solution
coupling peptide to tresyl-activated C1. Tresylated comb polymer was prepared as described in
section 6.2.1. Peptide was coupled to the chain ends of tresyl-activated comb polymer in
solution: 150 ul GRGSP solution (1 mg/ml in pH 7.4 phosphate buffered saline) was added to
2.5 ml of activated comb solution (0.02 g/ml tresylated C1 in THF) at 5° C and stirred for 3
hours. The RGD-coupled comb was recovered by overnight precipitation in deionized water and
purified by dialysis as described above.

EGF coupling to comb polymer surfaces. Tethered EGF surfaces were prepared in
collaboration with MIT Graduate Research Assistant Terry Johnson. 6,100 g/mol murine

epidermal growth factor was tethered to tresyl chloride-activated comb polymer films from
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solution. The reaction of an amine-bearing peptide with the tresyl groups of the comb surface is
outlined in Figure 6.4.

1,500 A-thick comb polymer thin films were spincoated on glass coverslips as described
below. EGF was coupled to tresyl-activated chain ends at the surface of comb polymer thin
films via incubation of the activated surfaces in aqueous EGF solutions. In a typical reaction,
100 uL EGF (5 pg/mL in PBS) was applied to 0.785 cm’ comb polymer surfaces and left over
the activated film at 4°C for 3 hours. Excess peptide was removed by rinsing with PBS twice for
20 minutes each rinse. Yields of EGF coupling to comb surfaces were determined by T. Johnson
by coupling "I radiolabeled-EGF to surfaces and measuring the radioactivity with a phosphor
plate imager. Radioactivity was converted to EGF molecules/area by comparing the phosphor
imager counts with standards of known “I-EGF concentration. Results are presented in Figure
6.6. EGF can be coupled at receptor-saturating surface densities (~ 1 ng/fcm®)* while

maintaining low nonspecific peptide adsorption on the film.
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Figure 6.6. EGF covalent coupling and nonspecific adsorption during linkage to comb polymer surfaces.
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Surfaces presenting 1 ng/cm’ EGF were used in PC12 differentiation experiments on
tethered EGF. To successfully induce differentiation of PC12 cells, the tethered growth factor
might need to be stably presented at the surface for several days!36. 157, Since the growth factor
has an order of magnitude larger molecular weight than RGD ligands, slow dissolution of the
ligand-functionalized molecules could be an issue. Stability of EGF surfaces was monitored by
taking phosphor plate imager measurements on EGF surfaces after 7 days immersion in PBS at
4°C or 3 days immersion in PBS at 37°C. Over several days, only a few percent of the
molecules were lost, as shown in Figure 6.7. As well, the small amount released may be
untethered adsorbed peptide that became unbound from the surface. The amounts of EGF
released, in the volume of the cell culture plates used for experiments, amount to concentrations
well below the threshold level of soluble EGF required to elicit cellular responses from PC12

cells.

PBS4deg.C, 7 PBS 37 deg.C,
days 3days

condition

Figure 6.7. Stability of tethered EGF surfaces.
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6.3 Synthesis and Characterization of Comb-Stabilized Latex Spheres

Latex spheres stabilized by POMMA-r-POEM) comb polymer were prepared for the creation of
large-domain clustered ligand surfaces. Dispersion polymerization was performed to obtain
comb-stabilized beads with sizes ranging from ~0.1-1 jm in diameter. Four latex compositions
were synthesized, using different methacrylate and acrylate monomers. Latex synthesis and
characterization were carried out in collaboration with MIT Postdoctoral Research Scientist Dr.

Pallab Banerjee.

Dispersion Polymerization

Methacrylate- and acrylate-based polymer latexes were synthesized by dispersion polymerization
employing the comb polymers as stabilizing agents. Dispersion polymerization of vinyl
monomers in the presence of the comb polymer proceeds as outlined in Figure 6.83%. Comb
stabilizer (C1) was dissolved in 50 mL of a 1:1 vol:vol mixture of ethanol and water, followed by
addition of methacrylate/acrylate monomers and 0.57 g ammonium persulfate. Table 6.4 lists the
amounts of monomer and stabilizer used in each synthesis. Syntheses were initiated by heating
at 60°C with stirring and allowed to proceed 18 hours. Reactions began as one phase, clear
solutions, and became opaque white dispersions during polymerization. Upon progression of
chain growth, the nascent polymer chains are insoluble in the medium and begin to precipitate.
This agglomeration is arrested by localization of the stabilizer at the polymer/solution interface.
As the synthesis proceeds, the comb-stabilized polymer particles grow homogeneously and
provide nearly monodisperse latex spheres of submicron to micron size. At completion of the
syntheses, dispersions were purified by repeated centrifugation and redispersion in water/ethanol
5 times. Suspensions were stable over >24 hour periods and could be resuspended after

extended storage via ultrasonic mixing. All latexes were ultrasonically treated for at least 30
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minutes prior to use. Comb-stabilized latexes of four different compositions were prepared: pure
poly(methyl methacrylate), poly(methyl methacrylate-co-butyl acrylate), poly(ethyl

methacrylate-co-methyl acrylate), and poly(ethyl methacrylate-co-butyl methacrylate).

Peptide-Linked Latex Sphere Synthesis

RGD-functionalized latexes were prepared by synthesizing latexes using peptide-functionalized
comb stabilizer prepared as described in 6.2.1. The functionalized comb was used as a stabilizer
for synthesis of a PMMA latex, using reagents as listed in Table 6.4. Interestingly, use of the
RGD-coupled comb stabilizer caused a 10-fold reduction in average particle size and 2-fold
increase in molecular weight. It is difficult to interpret this effect, due to the complex ionic and

hydrophilic-hydrophobic interactions that the peptide introduces to the system.
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Figure 6.8. Dispersion polymerization of comb-stabilized latex nanospheres.
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The RGD-bearing latexes were also found to be exceptionally stable in water/alcohol medium,
presumably due to the increased solubility of the peptide-functionalized comb in water/alcohol

mixtures.

Characterization of Latexes

Molecular weights and compositions of the latexes were obtained as described above for comb
polymers using size exclusion chromatography and NMR, respectively. Molecular weights,
glass transitions, average particle size/polydispersity, and composition of the latexes are listed in
Table 6.4. From the NMR and GPC data, the stabilizer was found to comprise only ~1 wt% of
the latex beads.

These latex nanospheres, as schematically shown in Figures 4.4(b) and (c), are expected
to have a very thin layer of comb polymer localized at their surface; such latexes are typically
stabilized by a monolayer of the surface-active polymer83. However, the stabilizer is often
permanently grafted to the high-molecular weight core polymer chains3% 195, providing well-
anchored, highly entangled covalent tethers between the stabilizer and core of the beads- and
thus a robust surface layer. To examine whether grafting of the stabilizer to the core occurs in
P(MMA-r-POEM)-stabilized latexes, a PMMA latex was also prepared using a fluorescently-
labeled comb polymer. GPC traces of the labeled comb polymer and the latex prepared using the
labeled comb are shown in Figure 6.9. By using an ultraviolet detector, a GPC trace of only the
fluorescently-labeled molecules was obtained. The UV GPC trace of the latex prepared using
labeled POIMMA-r-POEM) shows that the fluorescent comb polymer is grafted to the core
molecules, as the molecular weight of the polymer detected by UV is the same as that of the core
polymer.

Morphology of the latex beads was assessed by examining beads cast onto glass

coverslips with a JEOL 6320 field emission scanning electron microscope operating at a 4.0 kV
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accelerating voltage. SEM images were obtained by Dr. Pallab Banerjee and MIT Graduate
Research Assistant Jon Hester. Samples were shadowed with gold prior to imaging. Average
particle diameters were measured from SEM micrographs, with at least 300 particles measured
for each sample. Polydispersities were calculated as the weight average diameter divided by the
number average diameter of the particles. All latexes were nearly monodisperse, as evidenced by
the size polydispersities listed in Table 6.4. Variation of the methacrylate/acrylate monomers
used in the synthesis (while maintaining constant overall concentration of monomer, stabilizer,
and initiator) had a relatively strong influence on the final size of the latex beads. This is to be

expected, since the solubility of the resulting polymers in the dispersion medium directly affects

particle size39: 87. 88,
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Figure 6.9. GPC traces showing grafting of P(MMA-r-POEM) to the high molecular weight core of PMMA
latexes. Shown are the GPC detector signals from size exclusion chromatography of fluorescently labeled
P(MMA-r-POEM) (O refractive index detector) or a PMMA latex synthesized with fluorescent comb (A
refractive index detector, * UV detector).
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Hydrophobicity of the product polymers increases in the order P(EEMA-co-BMA),

P(MMA-co-BA), P(EMA-co-MA), PMMA, and the average particle size similarly increased in

this order.

Table 6.4, Comb polymer latex synthesis conditions and properties.

Sample [Sle (g/mLY* M, (g/mL)" Final Composition (wt%)

P(MMA-co-BA) latex 0.03

P(EMA-co-BMA) 0.025
P(EMA-co-MA) latex  0.027
PMMA latex 0.026

RGD-PMMA latex® 0.01

0.06 MMA, 0.04 BA
0.0 EMA, 0.011 BMA
0.063 EMA, 0.03 MA
0.10

0.10

* [S]p = initial comb stabilizer concentration

® [M], = initial monomer concentration

Muw (g/mol) T¢ (°C)* Diam. (um) PDI*

27:73 MMA:BA
18:82 EMA:BMA
51:49 EMA:MA
100 MMA

100 MMA

¢ PMMA latex prepared with RGD peptide-linked comb stabilizer

515,218 -26 1.2 1.054
471,329 28 0.21 1.056
591,960 35 1.3 1.035
413,805 105 1.8 1.041
1,035,000 105 0.49 1.055

6.4 Sample Preparation and Characterization

6.4.1 Comb Polymer and Latex Thin Films

Comb Polymer Thin Film Preparation

Comb polymer thin films for surface characterization and cell culture experiments were prepared

by spincoating or solvent casting, using glass, single crystal silicon, or tissue culture polystyrene

(TCPS) substrates. Cell culture substrates were 30 mm glass dishes (Kontes) or TCPS culture

plates (Falcon), while single crystal silicon wafers were used for contact angle and X-ray
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photoelectron spectroscopy measurements. Glass and silicon substrates were cleaned by
immersion in concentrated sulfuric acid for two hours, followed by rinsing with distilled
deionized water and drying under a dry nitrogen stream.

Comb polymer thin films on glass or silicon were prepared by spincoating 0.01 g/mL
chloroform solutions of the comb copolymer on substrates at 1000 rpm and drying in vacuo for
24 hours at 25°C, providing films ~1,500 A thick. Films prepared on TCPS were solution cast
from 0.002 g/mL solutions of comb polymer in 50/50 vol/vol water/ethanol, to obtain films
~5,000 A thick. Solvent cast films were covered and dried at room temperature for 5 hours

followed by drying in vacuo at 25°C for 24 hours. Films were stored in vacuo at 25° C until

used, typically less than 48 hours.

Latex Film Preparation

Films were prepared from latex suspensions by spincoating the particles (0.02-0.03 g/ml in 50/50
vol/vol water/ethanol) at 1,000 rpm onto cleaned 18 mm No. 2 glass coverslips (VWR
Scientific). To form contiguous films from the cast particles, short heat treatments (30 — 60
seconds) were applied to the samples by a heat gun set at 800-900° C from a distance of ~0.5 cm.
Resulting films were optically clear; coalescence of the particles was confirmed by examining
the surfaces in a light microscope. Poly(methyl methacrylate) homopolymer (not a latex) served
as a control substrate. PMMA (PolySciences, 68K g/mole, M /M, = 1.07) films were spincoated
from a 0.03 g/ml toluene solution onto clean glass coverslips at 1,000 rpm, followed by drying in

vacuo at 70°C for 24 hours. Films were stored in vacuo at 25° C until used, typically less than

48 hours.
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Embedded Latex Film Preparation

Embedded latex films were prepared by first spincoating a film of the comb polymer ~2,000 A
thick from 0.02 g/ml 50/50 vol/vol water/ethanol solutions at 1,000 rpm, followed by immediate
spincoating of a diluted water/ethanol suspension of the desired latex particles atop this film.
The subsequent spincoating step thinned the underlying comb layer to ~500 A. Latexes were
embedded at three different surface densities using suspension concentrations of 0.001 g/ml, 0.01
g/ml, and 0.02 g/ml. Light microscope imaging of the embedded particle surfaces revealed
particle separations of approximately 2 pm, 1 pim, and close packing for these concentrations,
respectively. Swelling and partial dissolution of the comb films during casting of the latex

suspension aided adhesion of the particles to the film once dried. Films were stored in vacuo at

25° C until used, typically less than 48 hours.

6.4.2 Poly(lactide)/Comb Polymer Blends

Blend Thin Film Preparation

Polymer blend thin films were prepared by co-dissolving 2 —20 wt% C1 or C2 comb polymers
with PLA matrix homopolymers. Characteristics of the matrix homopolymers are listed in Table
6.5. Chloroform solutions (0.03 g/mL) were stirred ¢ 3 hours to homogenize and subsequently
spincoated at 1,000 rpm on 30 mm glass culture dishes (Kontes). Films were dried 24 hours at
25° C in vacuo. Film thicknesses for PLA/C1 blends measured by ellipsometry are listed in
Table 6.6. The measured thickness of films prepared from 80:20 wt:wt PLA:C2 and

PLA:C2/C2-RGD blends were not statistically different than that measured for PLA:C1 blends.
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Blend Sample Preparation for Bulk Measurements

Blend samples for rheology and SANS measurements were prepared by solvent casting
co-dissolved polymers from 0.10 g/mL chloroform solutions onto glass plates ~1 mm thick. The
films were dried in vacuo at 100°C for 3 days then molded into 25 mm diam. discs 1 mm thick in

a compression mold 10 minutes at 125°C.

XRD samples were prepared by solvent casting 100 pL of 0.10 g/mL chloroform
solutions onto cleaned 18 mm glass coverslips (VWR Scientific). Samples were covered by

shallow glass dishes and dried in a fume hood at 25°C for 24 hours, then dried in vacuo at 25°C

for 48 hours.

Samples for measuring weight loss due to the aqueous annealing process were prepared by
solvent casting poly(L-lactide) or its blends with comb polymers from 0.10 g/mL chloroform
solutions on clean glass plates. Samples were dried 12 hours in air then moved to a vacuum
oven to dry 24 hours at 25° C. 100-200 mg samples ~1.5 mm thick and 0.57 cm’ in area were
cut from the cast films, immersed in sealed vials containing filtered deionized water, and
annealed for 1 to 4 days at 70° C. Mass loss was determined by subsequently drying the films in

vacuo at 70° C until a constant mass was obtained and comparing with the pre-annealed mass.

Table 6.5. Physical characteristics of PLA matrix polymers used in blend studies.

Matrix polymer M,, (g/mol) T, (°C) T, (°C)
poly(L-lactide) 1.20x10° 60 180
poly(D,L-lactide) 1.06x10° 57 -
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Table 6.6. Dry thicknesses of spincoated PLA blend films.

Sample Film Thickness (A)
Cleaned silicon 35+11*

PLA 2072162.0

98/2 PLA/CI 19351£26.0

95/5 PLA/C1 2035+52.0

90/10 PLA/CI1 2600£145

80/20 PLA/C1 3329+114

Measurements were made by ellipsometry at 633 nm. Thickness of the native SiO, film at the surface of
typical polished single-crystal substrates is also listed. *Average standard deviatign for oxide thickness for a
given substrate was 3.5+2.0 A, indicating very low surface roughness for clean substrates; the larger std. dev.
listed for the substrate oxide is due to variation in the oxide thickness measured on different substrates.

Annealing of Blend Samples

In order to effect surface segregation of the comb polymer to the exterior surface of PLA/comb
blends, thin film samples were annealed at 70°C in 0.2-pm filtered deionized water. Aqueous
annealing of blend samples was carried out in a sealed water bath with self-regulating
temperature control. Films were annealed in water at 70+1°C for 1 to 4 days. After heat
treating, samples for XPS, XRD, and contact angle measurements were dried 24 hours at 25° C
in vacuo. For cell culture experiments, water was aspirated from samples, which were

subsequently sterilized under a UV lamp 30 minutes, and used immediately.

The choice of annealing temperature was dictated by the need to impart mobility to the
polymer chains while avoiding rapid hydrolysis of the polyester matrix. Reed and Gilding>?
studied the degradation of PLA as a function of temperature and found that the hydrolysis rate
increases more rapidly with temperature above T, (~60° C130). However, at 70° C we found no

statistically significant degradation over the 1 to 4-day annealing periods in pure deionized
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water. 100-200 mg PLA samples annealed 4 days in water at this temperature showed no
statistically significant weight loss (1.36+1.39% measured weight loss). This annealing

temperature imparts chain mobility in the amorphous phase while maintaining (and in fact,
growing) the crystalline phase (T, ., = 180°C150.158), Blend thin films were annealed in water 1

to 4 days.

For comparison with water-annealed samples, surface composition was also examined by
XPS for blend samples prepared by annealing in vacuum at 120°C. Samples were annealed 4
days, quenched to room temperature on large aluminum blocks, and immediately used for
surface analysis. Vacuum annealing at a higher temperature (200°C), above the T_ of the matrix

to impart better mobility to the chains in the melt resulted in thermal degradation of the matrix

and sublimation of degradation by-products.

6.4.3 Bulk Characterization

Equilibrium Swelling of Comb Polymer in Water

Measurements of water uptake by bulk POIMMA-r-POEM) samples were made to assess the
swelling of comb polymers in aqueous environments. Three samples of C2 comb polymer were
prepared by compression molding 10 minutes at 125°C to obtain 150-220 mg of comb in 0.5

mm-thick discs 25 mm in diameter. Samples were immersed in 150 mL filtered deionized water
at 37°C. Weight of the samples was periodically measured over 7 days by removing the
samples, blotting excess water, and weighing. The measured equilibrium water content, reached

between 24 and 48 hours, was 1613.1 wt% water in these samples.
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Dynamic Rheological Measurements on PLA/Comb Blends

Rheological characterization of PLA/comb polymer blends was carried out in collaboration with
MIT Graduate Research Assistant Anne-Valerie G. Ruzette. Dynamic rheological measurements
were made on poly(D,L-lactide)/comb polymer blends using a Rheometric Scientific ARES
rheometer. Data was collected in a parallel plate geometry, with 25 mm plates and a 0.5 mm
plate gap. Dynamic storage (G’) and loss (G") moduli of polymer blends were determined
isothermally as a function of angular frequency (10" rad/s < ® < 10° rad/s). Strains were 1% to
maintain a linearly elastic response from the materials. Storage and loss moduli measured at
multiple temperatures were superimposed about a reference temperature of 140° C to obtain
master rheological response curves for each blend composition. Rheology data from all
temperatures (60-140°C) are superimposable, indicating no significant change in molecular

weight or microstructure of the blends over this temperature range.

SANS Measurements on PLA/Comb Blends

SANS characterization of PLA/comb polymer blends was carried out in collaboration with MIT
Graduate Research Assistant Anne-Valerie G. Ruzette. Small angle neutron scattering (SANS)
measurements on poly(D,L-lactide)/comb polymer blends were made at the National Institute of
Standards and Technology on the NG-3 beamline of the Cold Neutron Research Facility.
Neutrons of wavelength A = 6 A were used, with resolution AAMA = 15 %; and a sample-to-
detector distance of 6 m. The available scattering vector range in this configuration is Q = 0.008
-0.08 A", Scattered intensities were corrected for background and detector noise according to
standard procedures and scaled to absolute units (cm™) using a silica standard. Scattering
profiles were obtained at 4 temperatures in 25°C increments, with 30 minutes between scans for

equilibration after temperature changes.
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X-Ray Diffraction

X-ray diffraction spectra were collected with the assistance of MIT Graduate Research Assistant
Simon Mui. Spectra were obtained on a Rigaku powder diffractometer using a rotating anode
generator operating at 60 kV/300 mA. Pure PLA and 80:20 wt:wt PLA:C1 blend samples were

prepared as described above. XRD spectra were collected for samples as cast or after 4 days
water annealing. Scans were made in a 6/26 geometry for 20 = 10-60° at 5° per minute in 0.02°

intervals. Background spectra were collected for empty sample holders and subtracted from the

sample data. The % crystallinity in the samples (X ) was calculated for each sample based on the

relative area under the intensity vs. 20 curve for Bragg reflections vs. amorphous signal!59:

X, = ABragg/ (ABragg + Aamorph) (Eqn 6.1)

Primary Bragg reflections were measured at 20 = 14.6°, 16.6°, and 22.3°, in agreement

with published values for semicrystalline PLA160,

6.4.4 Surface Characterization of Polymer Films

Contact Angle Measurements

Contact angles of liquids on copolymer surfaces were measured using an Advanced
Surface Technologies, Inc. VCA2000 video contact angle system in the laboratory of Professor
Michael F. Rubner. Spreading contact angle measurements were made by repeatedly adding
water to a droplet on polymer surfaces in 2 pL. increments (up to 12-14 pL total on the surface)
and digitally capturing an image of the droplet at each step. Withdrawing contact angle
measurements were made in a similar manner by aspirating water from a droplet on the surface.

in 2 puL increments down to 2 pL total volume on the surface. Respreading measurements were
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made by repeating spreading contact angle measurements immediately after a series of
withdrawing measurements.

Surface energies of PMMA, PLA, and the comb polymers were determined using sessile
drop measurements of three liquids on spincoated films of the polymers. Sessile drop contact
angle measurements for the quantification of copolymer surface energies were made from a 4 pL.
drop of 3 different liquids (water, dilodomethane, and tritolyl (tricresyl) phosphate) on the
surface. Reported contact angles are mean and standard deviations calculated from 4
measurements on 5 different samples of each surface. To enable direct comparison, data were
collected on a single day to avoid systematic differences in contact angle values due to changes
in room relative humidity and temperature. Contact angle values and standard deviations are
listed in Table 6.7. Using these measured values, the surface energy of the polymers was

calculated using the harmonic mean approximation of Young’s equation!6!:

d,,d Pl
vivd vy j Eam 6.1

(1+cosg (! +77)= 4( iyl gy

where 0, is the contact angle of liquid i on the polymer surface, v’ and y’ are the
dispersive and polar surface energy components of liquid /, and v, and 7y are the dispersive and

polar surface energy components of the polymer. The two unknowns (v’ and ") were found
using pairs of liquid contact angle measurements and the known values for the surface energy
components of the liquids!6l, listed in Table 6.8 (diiodomethane measufements were not used
for determination of the comb polymer surface energy as the comb was found to be partially

soluble in this liquid).
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Table 6.7. Sessile drop contact angles on polymers for surface energy calculations.

Polymer Water contact  Diiodomethane contact  Tritolyl phosphate contact
angle (°) angle (°) angle (°)

PMMA 74+0.75 36+3.4 29+2.8

C1 68+1.4 36+8.2 29+1.3

PLA 73+1.3 54+6.4 49+5.5

Table 6.8. Liquid surface energy parameters used for polymer surface energy calculations161,

Liquid ¥ (dyn/cm) ¥ (dyn/cm) y(dyn/cm)
Water 22.1 50.7 72.8
Diiodomethane 44.1 6.7 50.8
Tritolyl phosphate 39.8 1.1 40.9

The interfacial tension of each of the blend components with water can be approximately

calculated using the known 7, of the polymers and water according to!61:

Yow="Yo + Yo— Waanpw =Yp + Yo~ 2('Yp'Yw)m (Eqn 6.2)

where W is the work of adhesion between the polymer and water, calculated using a

adh,PW

geometric mean approximation!62. 163,

Ellipsometry

Thicknesses and refractive indices of thin films on silicon substrates were measured using
a Gaertner ellipsometer operating at a wavelength of 633 nm. For some samples, dry film
thicknesses were confirmed using AFM topography measurements across defects in the surface

created by scoring the film.
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Atomic Force Microscopy

AFM on polymer surfaces was performed with a Digital Instruments Dimension3000
using Si,Ni, “tapping mode” cantilevers. Topographical and phase images were obtained using
tapping mode on films prepared on either glass or polished silicon substrates. Cantilever spring
constants were 30-60 N/m, with resonant frequencies ~320 kHz. Scans were made at 1 Hz with
512x512 pixel sampling. The free vibration amplitude (A,) of the cantilever near the surface but
out of contact was typically ~2.2 V. Blend morphology investigations and nanosphere

distribution imaging was performed with setpoints ~0.5A,.

X-ray Photoelectron Spectroscopy

XPS chemical analysis of PLA/comb polymer blend film surfaces was performed using a
Surface Science Instruments SSX-100 spectrometer (Mountain View, CA) with an electron take-
off angle of 45° to the plane of the sample. Low resolution survey and high resolution C,
spectra were obtained for each sample. Survey scans over 0-1000 eV binding energy range
indicated the presence of C and O, as expected with no significant contaminant element peaks.
High resolution C,, spectra were fit by subtracting a linear background and introducing a
Gaussian-Lorentzian function to describe peaks for each carbon bonding environment in the

samples:

ma/In2 E—on2 I-m
I(E)=2A| ——-exp| —4In2 + Egn 6.2
(E) W\/; P( ( W (Eqn 6.2)

{55

L. -

where I(E) is the intensity at binding energy E, A is the peak area, E, is the peak center,

W is the full-width at half-maximum intensity, and m is the Gaussian-Lorentzian mixing ratio (1
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= pure Gaussian, 0 = pure Lorentzian). The mixing ratio m was constrained between 0.7 and 1.0
for all fits, a range appropriate to the monochromated Al K, line shapel64. Good fits were
obtained for peak widths ranging from 1.0 to 1.6 eV.

Spectra were deconvoluted using known peak positions of the blend components from the
literature164, as listed in Table 6.9. Relative theoretical area contributions were calculated as a
function of the near-surface mole fraction of the PLA (6) using the known compositions of the
blend components. 0 is related to the near-surface volume fraction of comb polymer (¢, ) by

the specific volumes of the system components:

(1 B ¢scomb)

= VPLA
(1 - ¢csomb) + ¢csomb
VPIA Vcomb

(Eqn 6.3)

where V  is the specific volume of component i.
Concentration profiles obtained from theoretical SCF calculations were used to model

XPS surface composition data. The area (4;) of a C,, photoelectron peak from a sample of pure i

is165-

- —-(n-1)d
A =Cp) exp[——]=C, Eqn 6.4
' p; Pl Az cos@ I=cp -d Eqn 6.4)

l-e
xP(l os@

where the summation is carried out over all molecular planes from the surface into the

bulk of the sample. C is a constant dependent on the particular peak and instrument conditions,

p is the mass density of the sample, d is the average spacing between molecular layers at the

surface of the sample, A, is the photoelectron mean free path in the sample ( = 2.320.3 nm for Cu
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K radiation ejecting C,, electrons from organic polymers!66) and 6 is the take-off angle. This
equation assumes p and d are constant as a function of depth in the sample. For a blend of i with

a second material j, the area (A,) of the same C, peak is:

o Ag cos@
where the density in the blend is assumed approximately equal to that of pure i. x, is the

A, =CpY.x, expli_—(ri—_—l)i} (Eqn 6.5)

mole fraction of carbon due to component i in layer n. The ratio of the C,, peak for the blend to

that in the pure sample is!65:

-d J< —(n-1)d
A A =|1- “nz e Eqn 6.6
il A [ exp( T oos 0)]{,,2:;)6" CXP( 7, cosf ﬂ (Eqn 6.6)

SCF concentration profiles for PLA/comb blends were used to fit measured A, ../ Ago

ratio, where A, is the ethylene oxide carbon (BE = 286.5 eV) C peak. The planar spacing

comb

was assumed equal to the size of 1 lattice layer in the SCF calculations, d = 5 A

Table 6.9. High resolution Cls spectra contributions used to deconvolute XPS spectra.

Carbon Bonding Environment BE (eV) Theoretical Area Contribution
| 285.0 2-0
-CH,-, -ﬂZ-CH3
| 285.8 1-6
-C-
T
-O-CH,-CH,-O- 286.5 2.38(1 -6)
-O-CH,, -CH(CH,)-(CO)O- 287.0 1
-(CO)O- 289.0 1
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The volume fraction of comb polymer in each layer of the SCF calculations was directly
converted to x, using:

x=1-0, (Egqn 6.7)

where 0, is the mole fraction PLA in layer n obtained using (Eqn 6.3). SCF parameters
representative of PLA/P(MMA-r-POEM) blends were used to calculate the concentration
profiles using the hard-wall surface model of blends, as described in section 5.2.1. ¥, the only
unknown, was varied over reasonable values (1.0-3.0) to obtain a best fit to the XPS A_,, /A,

data as a function of ¢"_,. Best fits were obtained for , = 1.25.

comb comb®

Determination of RGD Peptide Densities at Polymer Film Surfaces

Peptide Labeling with Fluorescent Nanospheres. GRGDSPK peptides present at the
surface of comb polymer films or PLA/comb blends were labeled by covalently linking
fluorescent nanospheres bearing surface aldehyde groups (yellow-green aldehyde-sulfate
Fluospheres™, nominal diameter 29 nm, Molecular Probes) to the e-amine of the peptide’s
terminal lysine. Stock solutions of the nanospheres suspended in pH 7.4 HEPES buffer were
prepared (2.0x10" nanospheres/mL) and stored at 4°C in the dark until used. Coupling of the
nanospheres to peptide-presenting surfaces was performed by sonicating the stock solution for 1
hour then applying 625 uL/cm’ to surfaces. Condensation of the aldehyde with the amine group
of the peptide is reversible, but addition of a reducing agent converts this bond to a permanent
amide linkage. This was effected by the immediate addition of 62.5 pL/cm’ sodium
cyanoborohydride (0.033 g/mL in deionized water) to each surface. Samples were subsequently
stored at 4°C in the dark for 24 hours to allow reaction of the nanospheres with the surface
peptide. Removal of excess nanospheres from the surfaces was accomplished by rinsing 3X with

625 uL/cm’ Tween 20 solution (0.3 vol% in PBS), 5 minutes per wash, followed by one wash
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with deionized water. Measurements of total fluorescence on surfaces after further rinsing
treatments showed no further reduction in label present.

Peptide Surface Density Determination Via Fluorescence Measurements.
Measurement of total peptide at the surface of comb polymer films was performed by coupling
nanospheres to polymer films cast in opaque 96-well plates, followed by measurement of total
fluorescence on each surface in a Molecular Devices SpectraMax Gemini fluorescence plate
reader (excitation at 488 nm, emission at 520 nm). Fluorescence measurements were converted
to nanosphere surface densities by comparing readings with standard curves prepared from
nanospheres at various dilutions in a 96-well plate. Nonspecific adsorption of nanospheres on
film defects was accounted for by measuring the fluorescence of control comb surfaces
presenting no ligand, and subtracting this baseline signal from that measured on RGD surfaces.
As the nanospheres were present in large excess (~1000X) to the surface peptides for extended
time periods during coupling, labeling of accessible peptide clusters for cluster spacings
significantly greater than the nanosphere diameter is expected to be quantitative. Qualitative
examination of the label distribution on polymer surfaces was made by fluorescence microscopy

on films using a Zeiss 35 inverted fluorescence microscope.

Peptide Surface Density Determination Via AFM Measurements. RGD peptide
density at the surface of PLA/comb polymer blends was determined by imaging nanosphere-
labeled blend surfaces with AFM. 8-12 2.5x2.5 ium AFM scans taken from 2-3 different labeled
samples were collected. The high-T, poly(styrene) nanosphere labels (T, ~ 100°C) were well
resolved in the AFM phase images. AFM phase images were analyzed by first thresholding the
data and creating a binary black/white image from the original scan. The nanospheres exhibited
a large phase contrast with blend surfaces, rendering the binary image insensitive to the exact

threshold used for creating the black and white image. Density of nanospheres in the binary
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images was determined using NIH Image™ software. Particles were counted in each image,
neglecting holes not probed by the AFM tip or gross film defects, to arrive at the density of
peptide clusters on the surface. Cluster densities were converted to total RGD densities at the
surface by multiplying by the number of peptides per cluster (i.e. per chain) for the given comb

polymer.

Ligand Loss Measurements of PLA/RGD-comb Blend Degradation Kinetics

In order to assess the stability of ligand at the surface of surface-segregated PLA/RGD-comb
polymer blends, a degradation study was carried out to measure the loss of ligand from thin film
surfaces in collaboration with MIT undergraduate Catherine Reyes. 10mm glass coverslips were
cleaned by immersion for 2 hours in sulfuric acid, followed by a deionized water rinse and
drying by a nitrogen stream. 80:20 wt:wt PLA:C2-RGD1 blends were prepared by solvent
casting 20 UL per coverslip from 0.03 g/mL chloroform solutions. Films were allowed to dry in

a hood under a glass cover for 24 hours, followed by 12 hours in vacuo at 25°C. Samples were

annealed 1 day in 70°C water as described in section 6.4.2. Peptides present at the surface of
annealed blends were subsequently labeled using fluorescent nanospheres as described in section
6.4.4, and rinsed to remove unreacted label. Blend films were floated off the coverslips onto the
surface of a water bath, recovered with tweezers, and placed in the wells of an opaque 96-well
assay plate. Samples were each immersed in 300 uL of phosphate buffered saline (PBS).
Degradation was carried out by incubating the covered 96-well plate at 37°C in a closed dark
incubator. PBS was added to sample wells as necessary on alternate days in order to avoid
significant change in the PBS volume due to evaporation. Every 7 days, PBS was aspirated from
the sample wells, samples were rinsed once with 300 UL PBS and aspirated, 300 uL fresh PBS

was added, and fluorescence of the samples in the plate was measured using a Molecular Devices
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SpectraMax Gemini fluorescence plate reader. A standard curve of fluorescence vs. nanosphere
number was prepared from standard dilutions of nanospheres. Percent label lost at each time

point was calculated with respect to the initial average number present.

6.5 Cell Interactions With Comb Polymer Surfaces

6.5.1 Cell Culture

All cell culture reagents were obtained from Gibco unless otherwise noted.

WTNRS®6 Fibroblasts

WTNRG6 cells, derived from the NIH 3T3 cell line, were obtained from Alan Wells at the
University of Pittsburgh. This cell line is composed of mouse fibroblast 3T3 cells, lacking
endogenous epidermal growth factor receptor (EGFR), which have been transfected to express
human EGFR!67. 168 Fluorescence-Assocated Cell Sorting (FACS) analysis has previously
demonstrated the expression of o 3, and o, integrin receptors by this cell line26, which are
known to bind the RGD sequence!8.

WTNRG6 cells were cultured using standard sterile technique in Modified Eagles’
Medium-q, supplemented with 7.5% fetal bovine serum (FBS), 1% non-essential amino acids,
1% sodium pyruvate, 1% L-glutamine, 1% penicillin-streptomycin, and 1% Geneticin antibiotic.
Cells were incubated at 37°C under 5% CO, in 75 cm’ T culture flasks (Corning), and passaged

near confluence with trypsin solution (10X).
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PC12 Cells

PC12 cell culture and differentiation experiments were carried out by MIT Graduate Research
Assistant Terry Johnson. PC12 cells, an adrenal tumor cell line derived from a rat
phaeochromocytomals6. 157,169, 170 were obtained from American Culture Co. Cells were
cultured in RPMI 1640 media supplemented with 1% penicillin-streptomycin, 5% fetal bovine
serum and 10% heat-inactivated donor herd horse serum. Cells were incubated at 37°C in 5%
CO,, grown to confluence in 35 mm TCPS dishes (Falcon), then trypsinized and replated

between passages. Passages 50 to 55 were used for experiments.

For differentiation experiments, tethered EGF substrates were prepared as described in
section 6.2.1 using C1 comb polymer spincast on 10 mm glass coverslips. Unmodified C1
surfaces were used as a control. To support PC12 cell attachment on the protein-resistant
tethered EGF surfaces and to provide a necessary co-signal for differentiation, rat tail collagen
was incubated over the surfaces at high concentration to precipitate a low density of gelled
collagen on the surface. Sterile 500 pig/mL collagen in PBS was incubated over surfaces for 2
hours at 4°C, then rinsed twice with PBS. 15,000 PC12 cells/cm’ were seeded on surfaces in 48-

well TCPS culture plates (Corning Costar) and cultured for 25 days. Cells were monitored for

signs of differentiation (neurite growth) by phase contrast microscopy.

6.5.2 Cell Adhesion Measurements

Cell Attachment Assay

Fibroblast attachment was assayed by culturing WTNRG6 cells in contact with surfaces 24 hours
followed by counting the fraction adhered. Cell passages 16-26 were used for cell attachment
experiments. Surfaces for cell culture were sterilized by exposure to a UV lamp 30 minutes prior

to use. Fibroblasts to be seeded on samples were grown near confluence in T75 flasks, then
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suspended using 10X trypsin-EDTA solution (Gibco). Cell concentrations were determined
using a Coulter cell counter and diluted appropriately to seed surfaces. Cells were plated in 625
uL media/cm’ surface area. For standard curves in DNA cell counting, three aliquots of the same
number of cells seeded per sample were placed in eppendorf tubes, centrifuged 5 minutes at
10,000 g, media was aspirated and the cell pellets frozen at -70°C until the DNA assay was
performed. Tissue culture poly(styrene) (TCPS, Corning Costar) was used as a control substrate
in all cell experiments to monitor for irregularities in media or cell passages.

Cell numbers on polymer surfaces were quantified by direct manual counting of cells by
phase contrast microscopy after culturing for the desired time course. Media was aspirated to
remove unattached cells and fresh media applied. Manual cell number determination was
performed by counting cells present in $ fields at 100X in a phase contrast microscope (sample
center, one field up, one field down, left, and right of center) on 3 samples. Cells counted in this
manner are reported as # cells/field or percent adhered relative to a TCPS control surface.

Alternatively, quantification of total cell number on surfaces was carried out using a
DNA-binding assay (CyQuant, Molecular Probes). After culturing cells on samples for the
desired time course, media was aspirated and surfaces were rinsed 1X with 200 uLL PBS.
Samples were then immediately frozen at -70°C for 18 hours. Samples and frozen cell standards
were then thawed at 25°C for one hour. Assay solution was prepared with cell lysis buffer (20X)
and GR DNA dye (200X) in deionized water immediately prior to the assay. Cells on surfaces
were lysed by applying 700 UL assay solution for 15 minutes, and cell standards were lysed in
600 UL assay solution. The proprietray dye exhibits a strongly enhanced fluorescence emission
on binding of DNA. Three 200 uL aliquots from each cell sample were placed in different wells

of a 96-well PS opaque spectrophotometer plate (Corning). In addition, 3 series were added to
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wells by mixing 0, 5, 10, 25, 50, 100, or 200 pL of each of the lysed cell standards with assay
solution to bring the total volume in each well to 200 uL. Fluorescence from the plate(s) was
read immediately using a Molecular Devices Spectramax Gemini spectrophotometer with
excitation at 480 nm and emission read at 520 nm. Total fluorescence was converted to cell
number in each well using a standard curve prepared relating fluorescence to cell number in the
cell standard wells. Cell number, surface densities, and % seeded cells adhered are reported as

mean values of 3-5 samples + standard error.

Cell Adhesion Strength Measurements

Adhesion strength of cells cultured on comb polymer surfaces as a function of total RGD
surface density and ligand cluster size was determined by a centrifugation assay, as described
previously43: 171, Cell adhesion strength experiments were carried out in collaboration with MIT
Graduate Research Assistant Lily Y. Koo. Medias used for adhesion strength assays included a
serum-free media (prepared as described above for WTNRG6 culture without 7.5% FBS) and a
HEPES assay media. Assay media was MEM-o with HEPES (25 mM), 1 mg/mL bovine serum
albumin, 1% dialyzed fetal bovine serum, penicillin (100 U/mL), streptomycin (200 mg/mL),
non-essential amino acids (1 mM), sodium pyruvate (1 mM), glutamine (2 mM), and G418 (350
ug/mL).

Comb/RGD-comb polymer surfaces for adhesion strength assays were prepared by
solvent casting 0.002 g/mL 50/50 vol/vol water/ethanol solutions of C2/C2-RGD blends onto
Falcon 96-well flat-bottom culture plates. Solutions were prepared of C2 mixed with one RGD-

comb (C2-RGD1, C2-RGD2, C2-RGD3, or C2-RGD4). 10 pL of solution were cast in each

well; plates were covered and allowed to dry at 25°C in air for 5 hours. Films were then dried 24
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hours in vacuo at 25°C. RGD density at the surface of the comb/RGD-comb films was varied by
varying the weight ratio of C2 to C2-RGD in the films.

Before cell seeding, comb polymer surfaces were equilibrated with serum-free media
(100 uL per well) for 20 minutes. 5,000 WTNRG cells were then added to each well in 100 uL.
media. Passages 9-15 were used for adhesion strength measurements. Cells were first plated in
serum-free media for 12 hours, to arrest the cells in a quiescent state and prevent cell division
from influencing the number of attached cells. This was followed by 8 hours incubation in assay

media, and centrifugation of the culture plates.

Centrifugation was performed in a temperature-controlled Sorvall rotary centrifuge at
37°C, using a swing bucket tissue culture plate rotor. After 8 hours in assay media, the sample
wells were filled to the rims with assay media and sealed with Falcon sealing tape. Sealed plates
were centrifuged for 10 minutes each. After spinning, media was aspirated, surfaces were rinsed
once with PBS, and samples frozen at -70°C until cell number was quantified. Cell number in
each well was determined as described above using the CyQuant DNA assay. Fluctuations in the
absolute level of cell adhesion from passage to passage due to variations in the cell line were
accounted for in the experiments by using a control RGD surface (an 80:20 wt:wt C2:C2-RGD4
blend) inverted at 1 g force for each experiment. Cell numbers for each experiment were scaled
by multiplying each sample’s cell number by the ratio of cells attached to the control in a chosen
reference experiment to the number of cells on the control for the current experiment. To
facilitate comparison, cell number in each case is reported as a normalized fraction of adherent
cells by dividing the number of attached cells at a given applied force by the number of cells
adhered on the most adhesive RGD surface condition examined (at applied force > 0), which

occurred for pure C2-RGD4 films at 600g applied force (~25% of the seeded cell number).
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Adhesion results for comb/RGD-comb polymer films were compared with the force
response of cells on two other substrates: a surface segregated PLLA/comb/RGD-comb blend and
fibronectin adsorbed on TCPS. These two control surfaces serve to address two questions: What
is the role of substrate rigidity in the observed cell adhesion response? What differences are
observed between the responses of cells signaled by the RGD oligomer vs. a full adhesion
protein?

PLA blend samples were.prepared as follows. 80:20 wt:wt poly(L-lactide):C2-RGD4
blends (5.4 RGD/comb) were spincoated as described above on clean 10mm glass coverslips.
Samples were dried 18 hours at 25°C ir vacuo, then glued to the bottom of wells in a 48-well

tissue culture plate (Costar) using S-minute epoxy. Samples were covered and the epoxy was

allowed to cure in air for 2 hours. Culture plates were then immersed in a tub of filtered
deionized water and annealed at 70°C for 24 hours. Blends were removed from water, sterilized
under UV for 30 minutes, then used immediately for centrifugation experiments as described
above. The number of cells per well was adjusted to arrive at a seeding density on the 48-well
plate that was equivalent to that used for the 96-well comb/RGD-comb samples.

Adsorbed fibronectin surfaces for centrifugation experiments were prepared as described
previously!72. 33 uL of fibronectin in PBS (0.01 pg/mL, 1.0 ug/mL, or 3.0 ug/mL) was added
to the wells of 96-well culture plates and incubated at 4°C for 18 hours. Fibronectin solutions
were then aspirated and each well was rinsed twice with 33 pl. PBS. Surfaces were blocked
with bovine serum albumin by applying 33 pL. BSA (1.0 mg/mL in PBS) to each surface for 2

hours. Finally, BSA solutions were aspirated and surfaces were rinsed twice with 33 uL. PBS

immediately prior to centrifugal adhesion assays.
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7 Simulations of Cell-Surface Integrin Binding to

Nanoscale-Clustered Adhesion Ligands

Monte Carlo simulations were developed in collaboration with MIT undergraduate Kerri-Ann
Hue. Integrin clustering at points of contact between a cell and its substrate results in
biochemical signaling and enhanced adhesion strength?8. 3536, 68, 137, 173, 174 " Effects of integrin
clustefing on adhesion strength were first predicted by a numerical model of Ward and
Hammer!37, which they applied to cell adhesion strength data obtained by Lotz et al.174 . Lotz et |
al. found that the force necessary to detach glioma cells from fibronectin in a centrifugation
assay increased by an order of magnitude when focal contacts (or precursor focal contacts) were
permitted to form over the initial 15 minutes of cell adhesion to fibronectin. Ward and
Hammer’s model accounted for differences in cell adhesion in the absence or presence of focal
contacts by considering the mechanical force balance acting on a cell in each case. Predictions
were made by assuming a priori the area contribution of focal contacts to the total contact area
of the cell, using published fluorescence micrographs 37. 175-177 to estimate the size and density
of focal adhesions. The required detachment force in the presence of these linkages for either a

peeling or fracture model for cell detachment was calculated!37- 178, Their model further
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assumed a homogeneous ligand distribution, with receptor clustering at the focal contact being
driven by a nonuniform distribution of talin within the cell at focal contacts. The calculated
strength of fully formed focal adhesions was found to be in reasonable agreement with the cell
adhesion data of Lotz et al.

This model successfully predicts the strength of mature focal contacts, but provides no
insight into their development. Focal contact formation seems to rely on the close apposition of
multiple integrin receptors34. Extracellular matrix proteins such as collagen or fibronectin that
present binding sites for integrins are typically arranged in a fibrillar mesh about cells, providing
spatially-localized ligand-bearing regions for cell attachment that may drive this receptor
clustering!6. If such nanoscale clusters can group a few receptors, this might serve to initiate
recruitment of the cytosolic components of focal contacts. In vivo, such a trigger could be
provided by local proximity of only a few adhesion proteins such as fibronectin, which have

multiple binding sites for cell receptors 20: 25,

Clustering of integrins may lead to changes in receptor-ligand binding. Cells can modulate
the affinity of their integrin receptors for extracellular ligand!7%. 180; it has been conjectured that
changes in effective receptor-ligand interactions induced by receptor clustering and subsequent
cytoskeletal interactions might lead to enhanced receptor binding when ligand is immobilized in
clusters on a substrate 45. Several of the biophysical changes induced by receptor clustering
might increase the effective receptor-ligand affinity. Integrin-ligand binding could be influenced
by integrin-cytoskeleton or integrin—crosslinking protein!81-183 interactions, receptor-receptor
interactions, or interactions between integrins and signaling partners such as kinases or
phosphatases. For example, Shaw et al. demonstrated that spreading of macrophages on laminin

is triggered only under conditions where o3, integrins are clustered in focal contacts, attached to
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actin fibers of the cytoskeleton, and phosphorylated due to an exogenous signal 68. Each of these
interactions has the net result of increasing the effective affinity of the receptor for its ligand.
Experimentally, both the work described in this thesis and the studies of Maheshwart et
al.45 have demonstrated significant effects of clustered RGD ligand presentation on cell function
. The theoretical work presented in this chapter was undertaken to examine the binding
properties of cell-substrate systems where receptor clustering is driven by such spatially
inhomogeneous ligand distributions on a substrate. A simple analytical model and lattice Monte
Carlo simulations were used to study how integrin clustering might be induced at the interface
between a cell membrane and substrate via ligand immobilized in small, randomly distributed
clusters. Presenting ligand in high-density clusters forces some de facto clustering of receptors
due to normal receptor-ligand equilibria. We first investigated whether such clustering could
play a role in focal adhesion development by increasing the total number of receptor-ligand
bonds compared to a uniform distribution at equal total ligand concentration. Secondly, we
explored how increases in effective receptor-ligand affinity caused by receptor clustering would
escalate local ligand binding, further driving focal contact formation and strengthening cell-
substrate adhesion. We examined under what conditions (ligand distributions, local and average
surface densities, and receptor-ligand binding energies) ligands presented in clusters modify the
number of receptor-ligand bonds formed at the cell-substrate interface, an important factor in cell
response. Simulations predict that for modest increases of the effective binding affinity on
clustering, for even very small cluster sizes (2x2 or 3x3 ligand arrays), the total number of bonds
formed at equilibrium can be increased by a factor of ~2-20 by clustering ligand over a broad

range of total ligand densities.
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7.1 Single State Binding Models

According to the single-state binding analytical model described in section 5.1.2, no
increase in the total number of complexes is expected when ligand is clustered compared to a
random ligand distribution. However, the analytical model neglects effects of receptor-receptor
or receptor-complex steric interactions (receptor crowding or blocking within clusters). To study
these effects, Monte Carlo simulations of receptor binding on clustered vs. unclustered ligand
distributions were undertaken. Simulation results for the fraction of available receptors bound at
equilibrium for D = 1, 2, 10, and 20 over a range of receptor-ligand binding energies are shown
in Figure 7.1. In agreement with the analytical model presented in section 5.1.2, the simulations
predict no increase in receptor binding by ligand clustering for a range of binding energies
spanning from very weak (E = -0.2kT, p ~ 0.80, K = 4.42x10* M) to moderate binding (E = -
6.0kT, p ~ 0.0025, K, = 1.38x10° M). At very high binding energies (e.g. E = -20kT, p ~ 2.0x10
’, K, = 1.14x10™ M), the fraction of receptors bound actually decreases for larger clusters. This
1s caused by "rings" of tightly bound complexes at the cluster perimeter that sterically block
entry of additional receptors into the cluster interior. Figure 7.2 illustrates this effect for a
system with D = 20 at high binding energy E = -20kT compared with a simulation of the same
cluster size at a low binding energy E = -2.0kT. Although the ringed cluster structures are
metastable (non-equilibrium), some receptor-ligand pairs are known to bind with even higher
affinity (e.g. avidin-biotin, K, ~ 10"° M 184,185), For high-affinity binding, these long-lived

metastable states may persist through experimentally relevant timescales.
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Figure 7.1. Monte Carlo results for receptor binding on clustered ligand surfaces using the single-state
model. Equilibrium fraction of receptors bound was determined for four cluster sizes: D = 1, 2, 10, and 20, at

a total ligand density of 10° ligands/um’.

7.2 Two-State Receptor Binding Model in Conjunction with Ligand
Clustering

Next, the role of clustering was investigated assuming that nearest-neighbor complexes bind with
a greater energy than isolated receptor-ligand pairs. First we examined whether clustering in this
two-state model increases the number of bound receptors. Figure 7.3(a) shows the percent of
available receptors bound at equilibrium for E; = -1.0kT (modeling low-affinity peptide ligands)
as E, is varied from -1.0kT to -8.0kT. Increasing the clustered-state binding energy by a factor
of 4 over the discrete energy gives rise to approximately twice the number of bound receptors for

D% 3,
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Figure 7.2. Steric blocking of ligand for high receptor-ligand affinities. Shown are snapshots of ligand and
receptor lattice distributions from equilibrated systems with 10° ligands/um®. (a) A low binding energy

simulation, E = -2.0kT. Receptors access ligand throughout clusters. (b) Ligand in the interior of clusters is
blocked in a high affinity system: E = -20kT.
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Significant increases in receptor binding vs. the unclustered (D = 1) case occur even for small
clusters of only 4 ligands per group. At this ligand density, receptor binding plateaus when 25 or
more ligands are clustered (D ¢ 5).

The effect of the relative magnitude of the clustered vs. unclustered binding state energies
on the fraction of receptors bound is quantified in Figure 7.4. Percent receptors bound for E; = -
1.0kT (total ligand density 1,000 ligands/um’) is plotted for a range of cluster sizes vs. the ratio
of the clustered to unclustered binding energy (E-»/E). For a small perturbation in the binding
energy (EJ/E; = 2), there is little or no effect from clustering ligand. However, over a range of
E./E; = ~4 -8, clustering gives increases of up to approximately twice the number of complexes
obtained on unclustered (D = 1) surfaces.

To model the higher binding affinity of integrins for full adhesion proteins, such as
fibronectin, on a surface, we also simulated clustered ligand surfaces where the initial
unclustered-state binding energy was significantly larger, E; = -5.0kT. At the ligand density
plotted in Figure 7.3(a) (10’ ligands/um”), such a high-affinity ligand will bind nearly all
available receptors even in the unclustered state. However, clustering effects are observed at
lower total ligand densities. Figure 7.3(b) shows the % receptors bound at a total ligand density
of 100 ligands/um’ as a function of cluster size for E; = -5.0kT and E; = -6kT to -10kT.

Receptor binding varies non-monotonically as cluster size is varied. Initially, clustering
dramatically increases the level of receptor binding due to the increased affinity on clustering.
For large cluster sizes, however, the number of receptors exceeds the number of perimeter cluster
sites. Thus, complex formation around the perimeter blocks access to interior sites. This leads
to the observed decrease in the fraction of bound receptors at D > 5. These metastable “ringed”
states, as illustrated in Figure 7.2(b), persist for extremely long times (greater than the 10° cycles

in our simulations) and may indicate that under certain conditions, an optimum cluster size exists
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at low ligand densities for |E,l > 4-6kT. Similar binding profiles are obtained at low total ligand

density for smaller E, values (E; = -1.0kT).
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Figure 7.3. Receptor binding in the two-state model. Average percent of total available receptors bound at
equilibrium from Monte Carlo simulations is plotted vs. cluster size for a series of clustered-state binding
energies, (a) Total ligand density 103/um2. Binding energies: E; was fixed at -1.0kT while E; was varied as
shown in the legend. (b) Total ligand density of 10%/um® Binding energies: E; was fixed at -5.0kT while E;
was varied as shown in the legend.
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Figure 7.4. Relative strength of clustered vs. unclustered binding energy strongly influences receptor binding
for the two-state binding model. Shown are simulation results for total ligand density 10°*/um?, E; = -1.0kT,
and a range of cluster sizes as denoted by the legend.

In addition to increasing the fraction of bound receptors, ligand clustering in the two-state
model also drives aggregation of these receptors. Figure 7.5(a) shows the average number of
receptors per cluster calculated from simulation results for the single-state model (with E = -
1.0kT) compared to the two-state model (E; = -1.0kT, E; = -6.0kT) for total ligand density
10*/um’. Two-state binding drives clustering of receptors much more efficiently than the one-
state model (by a factor of ~5 at all cluster sizes), due to the stronger affinity of the clustered
receptors. Even at this high ligand density, the single-state binding model does not show more
than 1 receptor per cluster for D < 5. In contrast, multiple receptors are bound in each cluster for
D between 3 and 5 for the two-state model. Figure 7.5(b) shows the average number of

receptors/cluster for a range of total ligand densities and cluster sizes in the two-state model for

114



E;=-1.0kT and E; =-6.0kT. Clustering ligand in the two-state model provides significant

increases in the number of receptors/cluster over an order of magnitude range of ligand densities.
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Figure 7.5. Receptor clustering induced by ligand clustering. (a) Average number of receptors per cluster is
compared for the single-state binding model (¢, E = -1.0kT) or the two-state binding model (¢, E; = -1.0kT, E,
= -6.0kT) at a total ligand density 10" /um? (b) The average number of receptors per cluster from Monte
Carlo simulations of two-state model with E; = -1.0kT and E; = -6.0KkT is plotted for cluster sizes as denoted in
the legend.

115



7.3 Role of Total Ligand Concentration

Total ligand concentration plays an important role in the pattern of receptor binding for the two-
state binding model. Simulations were run with binding energies E; = -1.0kT and E; = -6.0kT.
Figure 7.6 shows the fraction of receptors bound vs. cluster size for total ligand densities ranging
from 30 ligands/um’ up to 4,000 ligands/um’. As already seen in Figure 7.3(b), at low total
ligand densities the trend of receptor binding with increasing cluster size is non-monotonic, due
to the competition between receptors for a finite number of available cluster perimeter sites. In
contrast, at high ligand densities, all surfaces approach maximal binding of all available
receptors and clustering does not significantly increase the level of receptor binding relative to
the unclustered case. This is seen in Figure 7.7 where data is re-plotted to show total receptor
binding at constant cluster size as total ligand density is varied. For total ligand densities

approaching 4,000/um’, clustering effects become insignificant.
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Figure 7.6. Effect of ligand concentration on receptor binding in two-state model. Average percent of total
available receptors bound at equilibrium from simulations is plotted vs. cluster size for fixed binding energies
E; =-1.0kT, E; = -6.0kT. Data is shown for a range of total ligand densities from 30 ligands/},tm2 to 4,000
ligands/im® as denoted in the legend.
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Even random ligand distributions (such as would be obtained by adsorption of protein to
a homogeneous substrate) will show a nonlinear dependence of bond number on ligand density if
clustering increases the effective receptor-ligand affinity. Plotted in Figure 7.7 is the binding
profile for unclustered (D = 1, open squares) ligand in the single-state model with E = -1.0kT.
The unclustered single-state simulation shows significantly fewer receptor-ligand bonds than the
same “unclustered” ligand distribution in the two-state model (E; = -1.0kT, E, = -6.0kT; filled
circles). This is because as ligand density increases, a stochastic distribution of ligand gives rise
to an increasing number of nearest-neighbor ligands and thus increased receptor binding due to

nearest-neighbor complex contacts.
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Figure 7.7. Receptor binding profiles for constant cluster size.

Results from simulations using E; = -1.0kT and E; = -6.0kT. (a) Shown is the percent receptors bound from
simulations for D = 1-10 as noted in the legend. Also plotted for comparison is the binding curve for D =1 in
the 1-state binding model with E = -1.0kT.
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7.4 Summary

Though integrin clustering and subsequent focal contact formation are well-known phenomena,
the biophysical parameters that control these processes are yet unknown, and to our knowledge
the model described herein is the first to study how integrin clustering might be induced by cell-
ECM interactions. Simulations indicate that if receptor-ligand binding occurs with no change in
binding affinity of neighboring ligands, the total number of receptors bound remains constant
when comparing ligand presented in clusters vs. homogeneously distributed on the substrate.
However, the local surface concentration of complexes at sites of ligand clustering is higher,
which may itself facilitate focal contact formation due to the relative increase in local integrin

concentration at such points of contact.

The presence of secondary interactions between ligated integrins and other molecular
components will increase the effective affinity of the receptor for ligand immobilized on a
substrate. Using a two-state binding energy model, we have modeled, in the simplest possible
fashion, higher-order effects that occur in cell adhesion beyond simple receptor ligation. Two
main conclusions are drawn from simulations of two-state binding. First, modest changes in the
binding energy on receptor clustering significantly increase receptor binding on clustered ligand
surfaces relative to random unimolecular ligand distributions. Increases in the binding energy,
corresponding to solution K changes of approximately a factor of 10, give 2-3 times more
bound receptors over a broad range of ligand densities. This relative increase in clustered
receptor binding occurs for even very low affinity, discrete receptor-ligand pairs. As shown in
Figure 7.7, receptor binding is most dramatically increased by clustering ligand at low total
ligand densities; clustering can increase binding by an order of magnitude at low total density.
Second, as the ligand density becomes comparable to the receptor density in the interface, the

model predicts the existence of an optimum cluster size (10-25 ligands/cluster), when E; 1s
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6.0kT. The predicted decrease in receptor binding hinges on steric interactions between
receptors, and would not occur if receptors are able to “shoulder their way through” the crowded
cluster perimeter or if the cytoskeleton actively rearranges receptors.

The effect of the relative magnitude of the unclustered vs. clustered binding energies is
shown in Figure 7.4. A weak dependence of clustering effects on cluster size is seen, with
maximal binding obtained for groups of 25 to 100 ligands (D = 5-10). However, the present
model considers only single nearest-neighbor complex-complex interactions, which may
underestimate the possible changes in binding occurring with clustering. In real cells, multi-
complex interactions may modify binding in a more elaborate manner, providing a large number
of possible effective binding energies depending on the number of receptors in a cluster or
second- or third-nearest neighbor interactions. Ligand grouping might thus even more
dramatically alter receptor binding for large clusters.

Theoretical treatments have predicted that cell adhesion strength is proportional to the
number of bonds between the cell and its substrate 137. 178, Thus an experimental test of which
model (single-state or two-state) more accurately describes real integrin-ligand interactions
would be measurement of cell adhesion strengths on well-characterized surfaces presenting equal
concentration of clustered vs. unclustered ligands. If secondary interactions that modify the
receptor-ligand affinity are important, then clustered ligand surfaces ‘should show significant
increases in adhesion strength compared to homogeneous ligand distributions at the same total
amount of ligand (below receptor saturation). Recent experiments by Maheshwari et al .45
examining the adhesion strength of fibroblasts on nanoscale-clustered RGD peptides may be the
first experimental evidence of such clustering effects. They found that presentation of RGD
clustered on surfaces by star polymers (their maximum cluster size was ~9 RGD/cluster, and the

size of the tethering star molecules was ~50 nm) led to dramatic increases in adhesion strength.
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At equivalent total ligand densities, 9 RGD/cluster surfaces gave increases in adhesion strength
by a factor of 2-3 over unclustered ligand across two orders of magnitude in ligand density.
Assuming that bond number is an important determinant of adhesion strength, our model predicts
that such dramatic effects of clustering require changes in the effective receptor-ligand affinity
to drive complex formation.

Maheshwari et al. also observed similar trends in stress fiber formation within cells
adhering to clustered RGD surfaces: 2-3 times more cells on 9 RGD/cluster surfaces showed
well-developed stress fibers than on unclustered RGD surfaces at equal total RGD densities.
This is intriguing, as the present simulations predict much stronger clustering of receptors in the
two-state model relative to single-state binding. Assuming that localization of multiple receptors
per cluster is a requirement for focal contact and subsequent stress fiber formation, the two-state

binding model is more consistent with the results seen by Maheshwari et al.

Ligand clustering by ECM structures in vivo might be achieved in several ways. ECM
proteins organized into fibrils, such as collagen and fibronectin, may present nanoscale clusters
of ligand to cells due to the close spatial proximity of the assembled molecules. Cells actively
assemble fibrils of ECM components such as fibronectin and collagen 25. Because cells bind to
these proteins by multiple receptors during matrix assembly, ligand clusters might even be
effectively created directly by cells, which could then serve to drive clustering of integrins and
focal contact formation. Alternatively, as shown in these simulations, adhesion proteins
randomly adsorbed to an underlying basal lamina may present ligand clusters that trigger focal

adhesion development at discrete sites.

Finally, for the development of novel biomaterials, these simulations indicate that if the
binding energy of complexes is altered by clustering, increasing the number of ligands per
cluster up to ~25 ligands in 2,500 nm’ increases receptor binding. Thus ligand clustered in
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domains of sizes up to ~100 nm may be effective in increasing the number of receptor-ligand
bonds formed at the cell-substrate interface. The comb polymer studied in the next chapter
provides a convenient way to prepare such clustered ligand surfaces. For larger-scale clustering
domains, functionalized latex microspheres may be used to create 100-1000 um domains of
ligand at surfaces; investigations of these materials will also be presented in Chapter 8. Such
nanoscale ligand clustering could then be used to improve cell adhesion strength on surfaces,

manipulate cell migration rates, and control cell growth.
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8 Control of Cell Responses to Surfaces Using

Comb Polymers

In this chapter, experimental results defining the characteristics of cell-resistant and cell-
signaling surfaces using comb polymer films, latex films, or embedded latexes are presented.
The POMMA-r-POEM) comb polymer is the surface-active component in each system, thus its
chemistry and architecture was found to play an important role in determining the resistance of
the surfaces to nonspecific cell adhesion. PIMMA-r-POEM) combs with short poly(ethylene
oxide) side chains were found to give thin films effective in resisting cell adhesion when
comprised of 40-50 wt% POEM monomers. To better understand the protein resistance of these
surfaces, numerical SCF calculations of the interface between water and comb polymer films
were made, which predict quasi-2D confinement of the comb polymer in the surface layer. Such
alignment allows optimum presentation of the hydrophilic PEO side chains at the surface. The
ability of these amphiphilic surfaces to restructure in water was studied by contact angle
measurements, which indicate that comb surfaces are highly responsive to water. Comparison of

contact angle and cell adhesion data on comb polymer thin films with that of comb-based latex
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films or embedded latexes reveal similar surface properties for each material, indicating a similar
surface layer structure in all three systems.

Cell-resistant surfaces were transformed into cell-signaling surfaces by presentation of
tethered ligands. Two types of peptide ligand, tethered RGD peptides and tethered epidermal
growth factor (EGF), were used to demonstrate control over different cell functions, and
flexibility in the type of ligand that can be presented in an active conformation at surfaces. Low
molecular weight (~600 g/mol) RGD peptides allow control over the attachment of cells to comb
surfaces via integrin-mediated cell adhesion; the importance of adhesion in cell function has
already been discussed at length. EGF, a larger peptide of ~6,100 g/mol, supports multiple cell
functions. This growth factor has been intensely studied for its strong influence on cell
migration26: 45,167 orowth44. 136, 186 and differentiation!36, 157,169, 186 'We have demonstrated
the use of this tethered peptide on comb surfaces for inducing the differentiation of a cultured

neuronal cell line.

The chapter closes with a summary of the results in the context of current approaches for
polymeric biomaterials. Parameters for the design of comb polymer surfaces eliciting

predictable cell responses are identified.

8.1 Design of Cell-Resistant Surfaces Using Comb Polymers

8.1.1 Comb polymer thin films

Comb Composition and Architecture Effects

The effect of POEM side chain length on the resistance of comb polymer thin films to
nonspecific cell adhesion was first examined. The total POEM content must be < 50 wt% to
maintain water insolubility. For a fixed maximum POEM content, the comb could be prepared
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with a few long side chains, or many short ones. However, use of high molecular weight PEO
side chains to eliminate protein adsorption may conflict with effective signaling by tethered
ligand at the surface. Low density, high molecular weight polymer brushes have chain ends
distributed throughout the layer!44; this might screen ligand from cell receptors, as depicted in
Figure 8.1. Because the comb polymer must provide nanoscale ligand clustering in conjunction
with protein resistance, short PEO tethers would be preferable to keep ligands spatially well-
localized and prevent steric shielding. Thus we confined our studies of comb architecture to the
examination of relatively short side chains ( <45 repeat units).

Cell resistance of comb polymer films as a function of comb side chain length for a
maximum water-stable POEM content (~45 wt% POEM) is shown in Figure 8.2. Cell adhesion
is essentially eliminated for side chains with = 9 EO repeat units; because a short tether length is

desirable, 9-unit side chains were used for further studies.

Figure 8.1. Comparison of chain end distributions in high molecular weight, low-density grafted layers vs.
low-molecular weight, high-density layers. Chain ends bearing ligand within the layer of longer chains may
be screened from cell receptors contacting the substrate.
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Figure 8.2. Cell adhesion to comb surfaces as a function of comb side chain length. WTNRS6 fibroblasts
(20,000 cells/cm®) were seeded on TCPS or films of comb polymers bearing different numbers of ethylene
oxide units (n) in the side chains. At 24 hours post seeding, cells adhered were counted manually, and data is
plotted as fraction of cells adhered relative to TCPS ( = # cells on surface/ # adhered to TCPS).

An estimate of the effective grafting density of 9-mer PEO chains at the water/comb interface
can be made by assuming the comb minimizes water-PMMA contacts by creating a sharp
interface between hydrated PEO side chains and an underlying layer composed of backbone

units only. Then the grafting density ¢ (in PEO chains/area) is:

g= XPOEM/GZ (Eqn 8.1)

where xpogy 1s the mole fraction of POEM units in the comb (xppgy = 0.15) and a” is the
surface area per backbone segment. Taking a’ =25 A%, the “grafting density” of the side chains

at the interface would be ~0.6 chains/nm’, or ~13 A between PEO chains anchored at the surface.
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The fully extended length of these very short side chains is ~18 A thus the PEO side chains
appear to be providing protein resistance without being strongly stretched in the surface layer.
Increasing the fraction of PEO units in the comb polymer increases the grafting density in
the surface brush layer, and thus should improve the resistance of surfaces to nonspecific cell
attachment. The POEM content of comb polymers necessary for cell resistance at fixed chain
length was assessed for a series of MMA/MPOEM copolymers containing 20, 30, or 45 wt%
MPOEM with 9 ethylene oxide repeat units per side chain. Figure 8.3 shows that cell attachment
to PMMA comb polymer surfaces in the presence of serum (relative to highly adhesive tissue
culture polystyrene substrates) is effectively eliminated when the weight fraction of hydrophilic
POEM units in the comb is ~ 30% or greater. Considering again the grafting density of PEO at
these comb surfaces as calculated above, the mean distance between the side chains drops from
~22 A at 20 wt% POEM to ~17 A at 30 wt% POEM. Cell resistance thus appears to be obtained
when the mean distance between side chains at the interface becomes less than the fully extended

length of the short PEO teeth.

02 =
°
)
S
£ @ 0.15 - -
c O
w
38
85 01F .
— >
(o ]
c 8
O 805 ~
7]
©
1o
w

20 N 30 45
weight fraction MPOEM units

Figure 8.3. Cell attachment to comb surfaces with varying PEG content of polymer. WTNRG6 Fibroblasts
(20,000 cells/cm?) were seeded in serum-containing media on thin films of comb polymer comprised of varied
weight fractions of MPOEM (9 repeat unit side chains). Cells attached after 24 hours were manually
counted; the ratio of cells attached to the comb surfaces vs. a highly adhesive tissue culture polystyrene
control is plotted.
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Further studies were carried out using two carboxylated comb polymers of cell-resistant
composition (45 wt% 9-unit POEM), C1 and C2 (described in Chapter 6). The introduction of a
small fraction of charged carboxyl groups ( < 10 mole%), necessary for tethering ligands to the
comb using NHS chemistry, did not affect the cell resistance of these comb polymers. Figure 8.4
shows quantitative measurement of the % WTNRG6 cells attached to C1 before and after
carboxylation and to control tissue culture polystyrene surfaces by DNA assay 24 hours post
seeding. Typical phase contrast micrographs of the comb polymer surfaces at 24 hours are
shown in Figure 8.5. The comb surfaces are highly cell-resistant; rare cells found on the comb

surfaces always display a rounded, unspread morphology.
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Figure 8.4. Cell resistance of C1 and carboxylated C1 surfaces. WTNRG cells were seeded at 30,000 cells/cm’
in serum-containing media, and cells attached were measured after 24 hours by DNA assay. Cell attachment
to TCPS, a highly adhesive control, is shown for comparison.
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Figure 8.5. Phase contrast micrographs of WTNRG fibroblast attachment to comb polymer surfaces vs. tissue
culture plastic. Photomicrographs taken 24 hours post seeding on (a) C1, (b) carboxylated C1, or (c) TCPS.

SCF Predictions of Comb Surface Structure

To shed light on why comb polymers containing only short PEO side chains and > 50
wt% hydrophobic segments could be completely resistant to nonspecific cell adhesion, numerical
modeling of the composition of the comb/water interface was performed. Calculations were
made for a comb polymer architecture and composition comparable to comb C1. The chemical
makeup of the comb was modeled by a comb architecture having hydrophobic backbone
segments (chemical type A) and hydrophilic side chain segments (type B). Water was explicitly
modeled as a single-segment molecule (chemical type S) in the calculations. x parameters
accounting for the energy of contacts between the chemical segments were set to model the
comb polymer interacting with water: ¥, = 0.0, X,s = 2.5, X5 = 0.4. The predicted equilibrium
concentration profiles for a film of comb polymer in contact with water are shown in Figure 8.6.
Taking 5 A as the segment size, SCF predicts that the outermost 10 A of the polymer surface is
composed almost entirely of water and PEO units. Due to the favorable interaction of the comb
side chains with water, the backbone of the comb is preferentially localized within two layers at
the interface. Hydrophilic segments and water are depleted from these two layers to

accommodate the backbone by extending the side chains into the solvent. Alignment of the
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comb backbone parallel to the interface minimizes the backbone/water contacts while
maximizing favorable PEO - H,O contacts. The volume fraction of side chain segments in the
layer immediately above the backbone-enriched layers 107 and 108 (¢,,,) provides an

approximate measure of the effective grafting density of side chains at the interface:

G = Oppold’ (Eqn 8.2)

where 0, is the volume fraction of side chain segments localized in the “anchoring”
layer, and a is the lattice spacing, here equal to the segment size (5 A). In agreement with the
simple calculations of PEO grafting density made above, the SCF theory predicts the side chains

of C1 comb polymer are anchored at the interface with ~10 A between them.

—— water
—{1-comb side chains
— comb backbone

Figure 8.6. SCF prediction of comb polymer surface structure in water. Only the interfacial region of the
calculated concentration profiles is shown.
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Quasi-2D alignment of the comb polymer at the interface would have several important
consequences for the surface properties of comb films. Perpendicular to the interface,
segregation of the comb segments into a side chain-rich swollen brush layer atop a solvophobic
layer at the surface explains the high cell resistance of comb polymer films even for
compositions containing 50-60 wt% hydrophobic segments. The PEO teeth of the comb form a

thin, highly hydrated and protein-resistant polymer brush at the surface.

The lateral distribution of comb molecules pinned in quasi-2D conformations at the
surface should differ from that expected for the molecules in the bulk. The radius of gyration
(R,) of a polymer chain in the bulk is14>:

R¢ = NY2a612 (Eqn 8.1)

where N is the number of segments in the chain and a is the segment size. For comb C2,
taking N = 600, and a = 5 A yields an estimate for R, = 50 A. Confined at the interface, the
comb backbones should be arranged as a 2D concentrated polymer solution; in this case R

should scale with the number of segments as!87:

Rgap = CNYap?? (Eqn 8.2)

The dramatic increase in the power law dependence of R, with N indicates chains at the
surface will take on an expanded dimension in 2D at the surface relative to the bulk.

A third consequence of 2D organization of the comb at the interface is that the molecules
exhibit little interpenetration. In the bulk, the number of chains interpenetrating a given coil
volume of size ~R,’ can be quite large, scaling as N'*. However, chains confined to two
dimensions do not interpenetrate even at bulk density!88. 189,

Thus, alignment and swelling of the comb at the interface apparently 1) segregates the

teeth and backbone segments into a hydrophilic polymer brush atop a hydrophobic anchoring
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layer, 2) increases the surface layer comb radius of gyration significantly and 3) arranges the
surface layer molecules as non-interpenetrated disks at the surface, as depicted in Figure 8.7.
This molecular arrangement at the interface will greatly influence the surface
presentation of clustered ligand. Were the chains organized as unperturbed three-dimensional
coils at the interface, their small area contribution at the surface and extensive interpenetration

would prevent single comb molecules from presenting ligand effectively.

WATER

POLYMER

Figure 8.7. Schematic depiction of polymer quasi-2D alignment at the interface of comb polymer films and
water.

A comb bearing 5 peptides might localize only one ligand (on average) accessible to receptors in

the top surface layer while interpenetrated with ~N'"? other chains. Semi-confinement at the
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interface, on the other hand, potentially allows access to every ligand on functionalized

molecules in the surface layer.

Contact Angle Measurements

Amphiphilic polymer surfaces are not static, but rather respond by local segmental
rearrangements at the surface to minimize the interfacial tension with the environment to which
they are exposed!90-192, Thus the arrangement of the backbone and side chain segments at the
surface of comb films in air or vacuum may be very different from their ‘organization when the
surface is exposed to water. The cell resistance of comb surfaces is thus linked to the dynamic
response of the surface molecules to immersion in aqueous environments. The rearrangement of
dry POMMA-1-POEM) surfaces on contact with water was examined by contact angle
measurements, to probe changes in the chemical groups expressed at the surface of comb
polymer films when immersed in aqueous solution. Contact angles of water droplets as a
function of drop volume for water being spread, retracted, and respread on films of PMMA
homopolymer or C1 comb polymer surfaces are shown in Figure 8.8.

The very different results seen for the contact angle behavior of water on PMMA (Figure
8.8(a)) and the PMMA-based comb polymer (Figure 8.8(b)) reflect differences in the surface-
local structure of the polymers when wet by water. Figure 8.9 schematically illustrates the
response of these materials to water. The sequence of measurements (spreading, withdrawing,
respreading) may access different surface states for materials with an amphiphilic nature.
PMMA in contact with air or vacuum will present primarily methyl groups in the surface layer to

minimize the surface energy.
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Figure 8.8. Contact angles of water on PMMA and P(MMA-r-POEM). Measurements made on spincoated
films of (a) PMMA and (b) C1. (®) spreading drop contact angle, (*) withdrawing drop contact angle, (H)
respreading contact angle.

However, as the surface is wet by water, the favorable hydrogen-bonding/polar interactions of
water molecules with the carbonyl oxygen of the PMMA chains induce a very surface-local
reorientation of the polymer to again minimize interfacial tension in this new environment. Thus
withdrawing contact angle measurements probe a different, lower tension surface state (the wet

PMMA surface) than spreading droplet measurements.

The case of the comb polymer surface (schematically, Figure 8.9 panel (b)) represents a
more extreme change in surface states. The comb film in air will similarly minimize its surface
energy by placing low-energy methyl groups at the surface. Experimental support for this
arrangement comes from a study by Shard et al.193, who made XPS and SIMS measurements on
P(MMA-r-POEM) surfaces in vacuum and found a slight depletion of PEO units from the
surface. On wetting, however, the hydrophilic PEG side chains will immediately reorient to
contact the liquid, and water will absorb into the film. That absorption occurs is indicated by
measurement of the equilibrium water content of bulk PIMMA-1-POEM) samples; a 1613.1 %

increase in weight was measured for the water-swollen comb, corresponding to approximately

133



1.1 water molecules per ethylene oxide repeat unit. Thus on withdrawal of the droplet across the
wet film, the combination of absorbed water and reoriented surface groups provides a surface
state having a very low interfacial tension with water. The droplet will thus reduce its contact
angle instead of reducing its contact area with the surface. As the contact area of the drop on the
surface remains constant, withdrawing water from the droplet leads to the steady drop in contact
angle observed. Finally, absorbed water present at the surface of the film allows complete
spreading of a droplet to the edge of the pre-wet contact area on the surface when respreading
measurements are made on the comb polymer surface. Indeed, the respreading contact angles
follow precisely the contact angles observed for withdrawing measurements as a function of drop
volume. Consistent with the SCF surface structure predictions, these results imply that the comb
polymer can be completely cell resistant by organization of the surface on contact with water to

maximize the hydrophilicity of the top surface layer.

Figure 8.9. Schematic representation of contact areas in spreading, withdrawing, and respreading contact
angle measurements. In panel (a), we show the case of water spreading over a nonpolar surface with little or
no ability to present more polar groups through local surface chain motions. Panel (b) shows the case for a
polymer surface that may reorient high-energy groups to the surface or even bind or absorb water in the
surface layer.
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8.1.2 Comb-Based Latex Films and Embedded Latex Surfaces

Previous work by Noda!4 showed that latexes prepared with a PEO-containing block copolymer
stabilizer form films with hydrophilic surfaces. Based on these findings, we hypothesized that
use of PIMMA-r-POEM) as a stabilizer for latex synthesis would allow preparation of protein
and cell-resistant latex surfaces. In order to prepare latex films or embedded latexes resistant to
nonspecific cell adhesion, C1 comb polymer was used as a stabilizer in the synthesis of PMMA

latexes.

Cell-resistant surfaces were prepared by preparing films from comb-stabilized latexes or
embedding the beads in films of comb polymer. Films formed by heating a confluent layer of
nanospheres on a substrate were flat; however, the embedded latexes protrude above the comb
polymer film, as shown in a representative AFM topography image and cross-section of an
embedded latex surface, Figure 8.10. The latex beads used, having diameters of 200-2000 nm,
protrude well above the underlying comb polymer layer, such that ligand-functionalized beads

will present > 50% of their total surface area to cells in contact with these surfaces.

Figure 8.10. Representative AFM topography image and cross-section of embedded latex sphere surface.
Cross-section y-axis is in pm.
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Cell attachment to latex surfaces in the presence of serum-containing media was assessed
by microscopy. Both coalesced films of the comb-stabilized latex and embedded latex bead
surfaces were highly cell resistant. Example micrographs of WTNRG6 cell attachment to a
control film of pure PMMA, a coalesced PMMA latex film, and a film prepared by embedding
the PMMA latex in an underlying comb polymer layer are shown in Figure 8.11, 24 hours after
cell seeding.

The cores of the latexes all have different chemical compositions and each latex has a
different glass transition temperature, yet all exhibit wetting properties strongly influenced by the
surface-localized comb stabilizer. Figure 8.12 shows the contact angle results on films of
coalesced latexes containing different acrylate or methacrylate cores. Variation in the value of
the plateau spreading contact angle on different latexes indicates the contribution of different
hydrophobic core segments at the surface in air, as in Figure 8.12(b) where some ethyl or butyl
methacrylate units may be exposed to lower the surface energy (and raise the contact angle) in
air. Withdrawing measurements then show a diminishing contact angle,.revealing rearrangement

of the surface to maximize PEO-water contacts.

Figure 8.11. Comb-stabilized latexes provide surfaces resistant to nonspecific cell attachment similar to films

of the pure comb polymer. WTNRG6 Fibroblasts (30,000 cells/em?) were seeded in serum-containing media on

(a) films of pure PMMA, (b) a coalesced PMMA latex film, or (¢) an embedded PMMA latex film. Black dots
in (c) are the embedded latex spheres (~2 um diameter). Phase contrast micrographs were taken at 100X after
24 hours.
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This can occur at the latex surface presumably by alignment of the comb backbone at the

interface and extension of the PEO side chains into the water. However, the contact angle on
withdrawal appears to plateau at a value of ~ 30° on the latex films (excepting the result obtained

for the very low T, P(BMA-co-EMA) latex), rather than continuing toward 0° as seen for films
of pure comb polymer shown in Figure 8.8(b). The contact angles of the latex films more
closely resemble those observed on PMMA films that cannot absorb water into the bulk (and
where the contact angle decreases in withdrawal but reaches a plateau) than those observed on
the pure comb polymer films. The plateau contact angle on withdrawal is notably lower on latex
films than pure PMMA, since the comb at the surface does allow presentation of the multi-unit

PEO side chains.
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Figure 8.12. Contact angle measurements on comb-stabilized latex film surfaces. Measurements made on
coalesced films of (a) PMMA latex, (b) P(BMA-co-EMA) latex, (¢c) P(MMA -co-BA) latex, or (d) P(MA-co-
EMA) latex. () spreading contact angle measurements, ( A ) withdrawing contact angle measurements.
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8.2 Design of Cell-Signaling Comb Polymer Surfaces

8.2.1 Tethered RGD Surfaces

Comb Polymer Thin Films

Tethered RGD peptides can be used to control CCH attachment, adhesion strength, differentiation,
and migration at surfaces3% 42.43.45,51, 196 RGD immobilization at comb polymer surfaces is
effective whether coupling peptide to comb polymers in solution before film casting, coupling to
the surface of chemically activated films, or in situ activation followed by coupling. Figure
8.13(a) compares the number of fibroblasts attached to GRGDSP-bearing surfaces prepared by
each of these routes. Nonspecific adsorption of RGD in the surface-coupling approaches is
apparently very low, as cell attachment was negligible on non-activated surfaces exposed to
RGD. Ligand surface densities obtained by coupling peptide to in situ activated surfaces are ~
30% lower than obtained by the solution phase pre-coupling method (as assessed by fluorescence
labeling). However, the surface-coupling routes are useful for limiting the amount of precious
peptides used, by confining the tethered ligand to the exterior surface of the film and allowing
multiple uses of the same peptide solution. For example, if we consider application of the comb
polymer as a biomaterial coating to control cell adhesion at the surface with a nominal thickness
of 3,000 A, then a maximally adhesive film prepared using the C1-RGD1 polymer alone will use
~1x10’ peptides/um’, most of which is buried in the film. Approximately 1,000-fold less RGD
tethered by the surface-coupling routes would provide a similar level of adhesion. This economy
is of course traded for in robustness of the signaling layer, as the surface‘-coupled polymer will

contain peptide only in the immediate surface layer. Further experiments with tethered RGD
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discussed in this chapter and Chapters 9 and 10 were all performed using ligand immobilized by
the solution pre-coupling method.

Cells attached and strongly spread on maximally-adhesive surfaces prepared by each of
the coupling routes examined. Figure 8.13b shows a representative phase contrast micrograph of
cell attachment to a C1-RGDI thin film. RGD-mediated attachment supports a well-spread

morphology for fibroblasts cultured on the surfaces.
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Figure 8.13. Cell adhesion on RGD-presenting surfaces prepared by different methods. WTNRG6 cells
(30,000 cells/cm®) were seeded in serum-containing media on RGD surfaces prepared by several routes. (a)
Fraction of seeded cells attached to RGD surfaces after 24 hours as measured by DNA assay. (b) Morphology
of cells attaching to a tethered RGD surface prepared by the solution pre-coupling method (C1-RGD1), as

seen by phase contrast microscopy of cells after 24 hours (100X). Cell attachment on RGD surfaces prepared
by the other two chemical routes was qualitatively similar.
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In order to control adhesion via tethered RGD, it is important that the ligand itself does
not promote protein adsorption and that the only adhesion on the surface is due directly to RGD-
integrin interactions. To test whether tethered RGD peptides supported cell adhesion by
allowing protein adsorption, cell attachment to tethered GRGDSP was compared with that on
tethered GRGESP, an inactive analog of RGD. These results are also shown in Figure 8.13 for
surfaces prepared by the solution pre-coupling approach. Cells adhere and spread on RGD-
presenting comb surfaces, but are unable to attach to tethered RGE surfaces despite culturing in
the presence of 7.5% serum. The specificity of interaction between cells and tethered RGD
surfaces was further probed by adding 85 uM soluble GRGDSP to the rr;edia of cells that had
been allowed to attach 24 hours to RGD-comb thin films in 7.5% serum%containing media. Cells
immediately showed significant rounding and within 4 hours completel}; detached from the
surface, indicating that integrins responsive to RGD were the adhesion-l;romoting cell-surface
linkage. Thus cell attachment even on surfaces of very high RGD density ( ~32 nm on average
between RGD clusters, as discussed below) in the presence of serum is controlled by tethered
RGD-integrin interactions.

The total surface density of RGD presented on comb polymer films can be controlled by
blending RGD-combs with their non-functionalized counterparts in different weight ratios.
Accessible RGD cluster densities obtained at the surface of comb/RGD-comb mixtures were
measured by labeling surface ligand clusters with 30 nm-diameter fluorescent polystyrene

nanospheres and measuring the total fluorescence from surfaces.

For this analysis, several assumptions must be made. First, the nanospheres are assumed
to be able to access RGD presented at the surface in a manner comparable to integrin cell surface
receptors; this is why a large label (with a diameter comparable to integrin heterodimers) was

chosen. The nanospheres are unable to label ligand that might be present but buried in the
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surface, out of reach of the cell receptors of interest. Second, it is assumed that a single ligand
cluster (i.e. presented by one comb molecule) is labeled by only one nanosphere, and that each
nanosphere labels only a single cluster. This assumption should be valid if the comb polymer is
arranged in quasi-2D confinement at the surface of the films in a water-based environment. As
discussed in section 8.1.1, 2D confinement of the comb at the interface implies arrangement of
the molecules as non-interpenetrating disks at the surface. If only this surface layer of comb
polymer presents accessible ligand, then 1) the minimum separation between ligand clusters will
be determined by the comb dimension at the surface (and thus comb molecular weight), and 2)
cluster separation will be simply determined by the relative area fraction of comb vs. RGD-comb
at the surface.

The validity of this 2D model should be verifiable by the labeling results. If the comb is
not semi-confined at the surface, multiple combs will contribute to the local RGD density at any
given area due to chain interpenetration in the surface layer. Assuming the size of the
nanosphere labels is comparable to the chain dimensions, labeling would be saturated (surfaces
covered by a monolayer of labels) for any mixture of comb and RGD-comb where more than one

RGD-comb was present per ~N'* molecules; i.e. when more than one RGD-comb is present per
R, area of the surface. For the C2 comb polymer, N = 600, meaning that ¢, > 0.04 (i.e.
one RGD-comb per N = 24 chains, ¢ = 1/24) would saturate surface labeling (the mean

distance between RGD-bearing comb molecules at the surface would be smaller than the label
size). Variations in label density would only be found at extremely low RGD-comb contents in

the film.
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Quasi-2D confinement at the interface:

Figure 8.14. Consequences of chain confinement at the water-comb polymer interface on ligand distribution.
Chains contributing to the surface layer are highlighted by heavy lines. (Top) Pinning of the comb backbone
at the surface to allow presentation of a high density of comb side chains would arrange the molecules as non-
interpenetrating disks at the surface. In this case the cluster density is determined by the ratio of comb to
RGD-comb in the confined surface layer only and is strongly influenced by the size of the individual comb
molecules. (Bottom) If the chains are not aligned at the interface, multiple combs within one R of the
surface will contribute to the surface layer structure. Ligand distribution would appear uniform unless the
fraction of RGD-comb in the film is extremely small, since up to N 2 chains could participate in the surface
structure per R¢’ surface area.

In sharp contrast, confinement of the comb at the interface would mean that large fractions of

RGD-comb would be necessary to decrease the cluster separation; here the cluster separation

would scale as (¢,.,..,)" . The surface structure for these two cases is compared in Figure 8.14.

Figure 8.15 shows the cluster surface density p_  measured by nanosphere labeling as a

clus

function of the bulk volume fraction of C2-RGD3 (¢,yp...,) in C2/C2-RGD3 blends. Also

shown is a linear best fit to this data, obtained for p_, = 9.768x10"(0'yqp.c0s) (#/cm’). This

clus

surface density is re-plotted in Figure 8.16(a) as an average cluster spacing on the surface d,;=
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(p,.,)" For the case of comb/RGD-comb blends where the top molecular layer is semi-confined
at the interface, the expected average cluster spacing on the surface is d_j,; ~ dmin/q)ncu.combm’
where d,;, is a minimum cluster spacing obtained for films of the pure RGD-comb polymer. The
data is well fit using this relationship (%’ = 0.792). The best fit curve, shown in the figure, has
dmin = 32%1.0 nm. Also plotted in Figure 8.16(a) is data from blends using C2-RGD4, where the

number of peptides per comb is 5.4. The same overall cluster distribution is obtained, i.e. the
number of peptides per cluster is changed but the separation of clusters at the surface for a given
amount of RGD-comb in the film is the same.

The labeling data supports the hypothesis that the comb polymer is semi-confined at the
water-polymer interface. The measured cluster separation is inconsistent with an unconfined

arrangement of comb molecules at the interface, as labeling is not saturated for ¢, >> 0.04.
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Figure 8.15. Ligand cluster surface density vs. bulk RGD-comb concentration in C2/C2-RGD3 blends.
Solid line is a best fit to the data pu,, = 9.768x10" (¢"rGD-coms) (#/em?).
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From the data relating bulk RGD-comb concentration to ligand cluster density, the total
average surface density of ligand obtained vs. the bulk concentration of RGD-comb for
comb/RGD-comb blends with different cluster sizes can be calculated, as plotted in Figure
8.16(b). Shown is the accessible total ligand density range for the four RGD cluster sizes used in
adhesion strength studies in Chapter 10, assuming that cluster spacing is not affected by the
cluster size (# peptides/comb). For all four cluster sizes, the accessible peptide density on these
comb polymer surfaces can be readily adjusted two orders of magnitude higher or lower than
RGD densities reported in the literature to support fibroblast attachment and focal contact

formation31.
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Figure 8.16. Average cluster separation and total RGD surface densities on C2/C2-RGD blends.

(a) RGD cluster spacing from cluster surface density data. Shown are results from two different cluster
sizes: () 3.6 peptides/comb (C2-RGD3), (*) 5.4 peptides/comb (C2-RGD4). Solid line is the best fit to the
datad,, = d,,.,-,,l(bngn.mmb'm, where d,,;, = 32£0.98 nm. (b) Total RGD surface densities obtained as a function
of bulk RGD-comb concentration in comb/RGD-comb blends from cluster density data. Accessible surface
densities for 4 different RGD-comb cluster sizes studied in this work are shown: 1.7 peptides/comb (C2-
RGD1), 2.2 peptides/comb (C2-RGD2), 3.6 peptides/comb (C2-

RGD3), and 5.4 peptides/comb (C2-RGD4).
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Latex Films and Embedded Latex Surfaces

Latexes can also be used to present tethered RGD at the surface of biomaterials, allowing
clustering of ligand by individual comb molecules and, on larger length scales, by the spheres
themselves. We prepared RGD nanospheres having mean diameter 490 nm and total RGD
surface densities ~2,500 molecules/iim”. The morphology of WTNRS fibroblasts cultured on
RGD-comb polymer films, coalesced RGD-latex films, and the RGD-latex embedded in a comb
polymer film are compared in Figure 8.17 and 8.19. Cells strongly attach and spread on RGD-
latex films, similar to their response on RGD-comb polymer films with comparable ligand
surface densities. This result strongly suggests that the top-layer surface structures of these
systems are comparable. Cells also attach to embedded latex spheres, but presentation of RGD
in 500 nm-diameter domains by the embedded RGD-latex, as shown in Figure 8.18, appears to
have a significant effect on cell morphology. Figure 8.18(a), (b), and (c¢) show cell attachment at
three different packing densities of the embedded latex, giving total average RGD densities ~230
RGD/um’, 1,300 RGD/um’, and 2,200 RGD/um’ for beads separated on average 2 pm, 1 um, or
close-packed, respectively. Cells show a more rounded morphology on the embedded latex
surfaces than on comb polymer films or coalesced latex films at comparable total RGD densities
(compare Figure 8.17(a) (comb polymer film), Figure 8.17(b) (latex film), and Figure 8.18(c)
(embedded latex)). While the cell morphology differences seen here are only a semi-quantitative
indicator, we will quantitatively demonstrate differences in cell adhesion due to ligand spatial

distribution in Chapter 10.
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Figure 8.17. Comparison of cell attachment to RGD-comb and RGD-latex films. WTNRG6 cells (30,000/cm?)
were seeded in serum-containing media on films prepared from (a) a C2/C2-RGD3 blend thin film or (b)
RGD-latex nanospheres. Phase contrast micrograph taken 24 hours post-seeding at 100X. RGD density on
each surface is ~2,500 molecules/um’.

Figure 8.18. Cell attachment and morphology on embedded RGD-latexes. WTNRG cells (30,000 cells/cm?)
were cultured on embedded RGD-latex surfaces 24 hours and phase contrast micrographs were taken at
100X (top row) and 200X (bottom row). Micrographs going left to right show increasing densities of RGD-
latex beads, with average nanosphere separations of: (a) 2 um (~230 RGD/umz), (b) 1 pm (~1,300 RGD/um?),
and (c) spheres close packed (~2,200 RGDIpmz}.
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8.2.2 Tethered EGF

Tethered growth factor experiments on cultured PC12 cells were performed by MIT Graduate
Research Assistant Terry Johnson on surfaces prepared by the author. Epidermal growth factor
is a potent peptide cytokine (molecular weight ~6,100 g/mol) that induces a variety of changes in
cell function depending on the cell type and environment!86. A few of the functions regulated by
soluble EGF added to the media of cultured cells include proliferation, migration, and
differentiation3: 26, 45,186, We chose to study the response of an adrenal tumor cell line, PC12
cells, to EGF170. It is known that addition of soluble nerve growth factor (NGF) to PC12 cells
induces differentiation of the cells into a neuronal phenotype!%?; the differentiated cells then
grow axon-like neurites. EGF is known to activate similar chemical signaling pathways within
PC12 cells, however, EGF induces proliferation rather than differentiation when added to media
of the cell linel®9. This is believed to be related to the transience of the signal generated by EGF

binding to its receptor on the cell surface, as depicted in Figure 8.19167-170,

4 NGF 4  EcF Tethered EGF?
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Figure 8.19. Differences in soluble NGF, soluble EGF, and tethered EGF signaling in PC12 cells. NGF or
EGF binding by cell surface receptors generates a biochemical response within the cell by increasing the
concentration of a signaling molecule (MAPK) in its activated state. However, activation of MAPK by EGF
binding is transient (on the order of 20 minutes), possibly due to internalization of receptors. Tethered EGF
might prevent receptor internalization and subsequent down-regulation of MAPK signaling, providing a
sustained signal similar to NGF.
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Binding of soluble EGF promotes rapid internalization and degradation of its receptor,
leading to a biochemical signal with a short lifetime (~20 minutes)!16%. However, PC12 cells
expressing an internalization-deficient mutant EGF receptor!67 or over-expressing the EGF
receptor!®8, can be induced to differentiate by addition of soluble EGF ligand. These
experiments indicate that the difference in cell responses induced by EGF and NGF may be due
to the short lifetime of the normal EGF signal. In a manner similar to the internalization-
deficient receptor experiments, we proposed that receptors of non-mutant PC12 cells binding
tethered EGF could not be internalized, and the sustained signal required for PC12 differentiation
could be generated. Differentiation would indicate stability and activity of the tethered growth

factor.

Tethered EGF surfaces were prepared as described in Chapter 6 using tresyl
chloride-activated comb polymer films and PC12 cells were cultured on the substrates
for 25 days. PC12s were also seeded on surfaces without tethered EGF. Phase contrast
micrographs from surfaces at days 3 and 20 post seeding are shown in Figure 8.20. Cells
cultured in the absence of EGF showed no signs of differentiation (Figure 8.20(a) and (b)).

PC12 cells on tethered EGF surfaces, however, showed visible signs of differentiation by day 3
and well-developed neurite growth by day 20. PC12 differentiation over this time period

indicates both stability and activity of the tethered growth factor surface.
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Figure 8.20. PC12 cell differentiation on tethered EGF and control comb polymer surfaces. (a)-(b) Comb
polymer surfaces, no EGF. (c)-(d) Tethered EGF surfaces. Phase contrast micrographs taken at 3 days (a,c)
or 20 days (b,d) in culture. Extending neurites at 3 days on a tethered EGF surface are denoted in (c) by
white arrows.

8.3 Summary

A wide variety of biomedical applications would best be served by materials that guide specific
cell responses by combining protein resistance with tethered ligand signaling3?: 40. 42,43, 45,46,
Several methods for the preparation of protein-resistant tethered ligand surfaces have been
demonstrated in recent research, including the use of functionalized PEO hydrogels40-42.45,

grafted PEO monolayers#3, and PEO block copolymer thin films6. While each of these
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approaches is attractive for certain applications, use of the comb polymers described here would
have definite advantages in practical application outside a laboratory environment. Relative to
all of these approaches, the comb polymer is inexpensively and simply prepared, and is
compatible with typical industrial coating processes!97. The solubility of these amphiphilic
molecules in water/alcohol mixtures also eliminates the need for environmentally unsound
organic solvents during processing. Comb-based latexes allow aqueous-based synthesis and
processing- essentially acting as a bio-regulating paint. In addition, copolymerization of various
acrylate or methacrylate monomers for latex cores allows the T, of latexes to be varied from -
30°C to 100°C while maintaining the hydrophilic surface properties of POMMA-r-POEM). Thus
both the temperature required to form films from the latex and the stiffness of these films in vivo
can be tailored to suit the application of interest.

In addition, preparation of comb polymer surfaces, either by applying a thin comb
polymer coating to biomaterials or by application of a comb polymer latex film, should provide a
more robust surface layer than block copolymer films or grafted monolayers. Erosion of the top
layer of a comb polymer film simply exposes more comb polymer, thereby remaining protein
resistant. Further, in latex films the comb stabilizer is grafted to the core during synthesis,
providing a highly entangled, high molecular weight anchor for each comb molecule at the

surface.

Tethered ligand signaling from comb polymer surfaces as demonstrated in these studies is
a powerful tool for engineering cell responses to surfaces. A constant signal is obtained by
virtue of the apparent inability of cells to internalize tethered ligands, in contrast to drug-release
biomaterials where biochemical signals can only be delivered for finite time periods and are
susceptible to loss by diffusion and cell uptake!. 3.5, Use of short side chain tethers allows the

immobilized ligand to sample a range of conformations similar to its behavior free in solution,
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while maintaining the chemical signal in a very surface-localized, unchanging state. Numerical
SCF calculations of the structure of comb polymer/water interfaces predicts alignment of the
backbone of comb chains at the surface, maximizing PEO-water contacts in the top surface layer;
the experimental results for comb polymer films are consistent with this picture. Alignment of
the comb at the surface in this manner leads to highly efficient nanoscale clustering of ligand at
the surface: each ligand attached to a given comb molecule in the surface layer can potentially be
accessed without steric hindrance from subsurface layers, as the surface is molecularly arranged
to allow maximum exposure of the PEO side chains.

Comb polymers allow control over nanoscale clustering of peptide on two length scales
(simultaneously, if desired). First, multiple side chains of a single comb molecule can be end-
functionalized with peptide and blended with its bioinert counterpart to create clusters of ligand
at the surface having dimensions of the comb molecule, on the order of 20-40 nm. Cluster
spacing, number of peptides/cluster, and total ligand density are easily controlled by varying the
fraction of RGD-comb used, comb molecular weight, the degree of functionalization, and the
combination of these variables. Secondly, when tethered to latex nanosphere surfaces, ligand
can be clustered on much larger length scales than individual comb molecules via mixed particle
latex films or embedded latex surfaces, with ligand-bearing domains of 0.1-2.0 pm diameter.
Such larger domain sizes may be of interest for controlling cell function when the size scale of
individual comb molecules limits the size of peptide clusters that can be presented. Together
these comb polymer systems provide access to a continuous range of clustered ligand domain

sizes from a few nm up to several microns.
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9 Implementation of Signaling Surfaces on a

Resorbable Biomaterial

We investigated a method to surface modify poly(lactide) (PLA) compatible with current
processing schemes for preparation of cell scaffolds, which might overcome the
difficulties in surface modification of biodegradable polymers described in Chapter 4.
The objective was to create a cell-signaling surface layer on PLA that can be prepared in
a simple, economical manner as part of a scaffold fabrication process such as particulate
leaching or phase inversion. The approach studied was surface segregation of P(IMMA-r-

POEM) comb polymers blended with a PLA matrix.

Segregation has been studied in polymer blends where the thermodynamic driving
force for segregation is primarily enthalpic in nature, primarily entropic, or with
important contributions from both parts of the surface free energy. In binary blends,
segregation driven predominantly by enthalpy is achieved for the species with lower
cohesive energy. Large surface excesses of the lower-energy component can accumulate
when the difference in internal energies between components is large!15. 116¢ o

poly(tetrafluoroethylene)-containing polymers blended with polystyrenel24. 125, Walton
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et al.80 demonstrated entropic surface segregation of a POMMA-r-POEM) comb polymer
additive in a PMMA matrix where the enthalpic contribution to the surface free energy
actually favored depletion of the additive. The branched architecture of the comb
polymer was utilized to entropically drive surface enrichment of the comb. Entropically-
driven segregation of comb architectures was also theoretically predicted by Walton!26
and by Fredrickson!?7 using SCF models. In linear matrices, comb surface segregation is
attributed to favorable localization of chain ends at a surface. However, as the entropic
contribution to the free energy in large molecule systems is small, any enthalpic
competition between different segments in the system to reside at the surface may
dominate the equilibrium structure of the blend!!5.

Initial studies seeking to effect entropically-driven segregation of P(MMA-r-
POEM) in PLA by vacuum annealing suggested no significant surface enrichment. We
thus sought to promote surface segregation of the comb polymer by providing additional
entropic and enthalpic thermodynamic driving forces to localize the additive at the
surface of the blend. Considering the chemical components of the blend, (an amphiphilic
comb having hydrophilic side chains blended with a hydrophobic matrix), we
hypothesized that segregation could be driven in comb/PLA blends by annealing in
contact with aqueous solution at the free surface. Localization of the hydrophilic comb
side chains at the free surface of the blend would serve as a thermodynamic means for
lowering the free energy of the blend/water interface, providing a highly comb-enriched
surface structure suitable for controlling cell behavior at the surface. The driving force in
this case would have both an entropic component (localization of branch ends at the
surface and elimination of water ordering at the interface!!) and an enthalpic component

(favorable water-PEO contacts).
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In this chapter, surface segregation in PLA/comb polymer blends is explored
theoretically, using self-consistent field (SCF) lattice theory to make predictions of
amphiphilic comb polymer/hydrophobic linear polymer blend surface composition
profiles. The relative contributions of entropic and enthalpic driving forces to surface
segregation are compared as a function of the interactions of the blend components with
the surface. SCF predicts near-complete surface coverage of blends by comb polymer
when even small enthalpic driving forces are present. Optimum composition and branch
lengths for cell-signaling POMMA-r-POEM) comb polymers were identified
experimentally in Chapter 8. Here this information is used to make predictions of
PLA/P(MMA-r-POEM) composition profiles for blends annealed in contact with water at
the free surface. SCF calculations of blend-water interfaces show a surface alignment of
comb in the top polymer surface layer similar to that predicted for pure comb polymer
films in water. Molecular weight and film thickness effects on surface segregation are

also examined.

These theoretical predictions are followed by an experimental study of
PLA/P(MMA-r-POEM) blends, demonstrating how surface segregation can be used to
control cell adhesion at the surface of PLA/comb polymer blend films. Miscibility
studies of amorphous PLA with POMMA-1-POEM) were carried out by rheology and
small angle neutron scattering measurements to assess miscibility of the blend in the
amorphous phase. Surface segregation studies were conducted on semicrystalline
PLA/P(MMA-r-POEM) blends. Analysis of blend surfaces revealed significant surface
enrichment of the comb polymer after water annealing. The surface properties of
annealed blends were found to be similar to those of the pure comb polymer. In

particular, PLA surface-modified with comb polymer shows increased resistance to
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nonspecific cell adhesion for bulk comb concentrations of 10-20 wt%. Introduction of
RGD-bearing comb polymer in the blend provides RGD-mediated cell attachment at the
blend surface, similar to the comb mixtures studied in Chapter 9. These surfaces were
stable in phosphate buffered saline over many weeks at physiologic temperature. The
chapter closes with a summary of the results and the relative advantages/disadvantages of

this approach for biomaterials surface modification.

9.1 Self-Consistent Field Theoretical Predictions of Surface

Segregation in Comb Polymer/ Homopolymer Blends

9.1.1 Comb Polymer Surface Segregation

SCF theory was used to predict the structure of surface-segregated comb
polymer/homopolymer blends, including blends with parameters chosen to represent the
PLA/P(MMA-r-POEM) mixtures experimentally investigated. Calculations were made
modeling the free surface of the blend as a hard wall. The architectural parameters of the
blend were described in Chapter 5; they are summarized for convenience in Table 9.1.
Architectural parameters remained fixed for all calculations except where comb polymer
molecular weight effects were explicitly examined. The comb is 42 vol% B (solvophilic)
units, comparable (by both mole and weight fraction of units) to the cell-resistant

P(MMA-r-POEM) compositions studied in Chapter 8.
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Surface Segregation of Comb Polymers Via Entropic Vs. Enthalpic Driving
Forces

In comb polymer/linear homopolymer blends where no preferential enthalpic surface
interactions are present, combs will surface segregate due to surface entropy differences
between branched and linear polymers80. 126,127 Figure 9.1 shows an example of
segregation for a comb/homopolymer blend that has no enthalpic interactions, similar to

the calculations of Walton and Mayes!26 (), = ¥,s = Xzs = 0.0).

Table 9.1. Blend polymer architectures for SCF calculations.

blend component Nbbone Niceth Nipacing  Deeeth Niotal segment type

matrix homopolymer 1000 0 - 0 1000 A

comb copolymer 150 4 7 20 230 backbone: A
teeth: B

Nbbone = number of backbone segments, N, = number of segments per side chain, N,cin, = number
of segments along backbone between side chains of comb, n., = total number of side chains per
comb molecule, N, = total number of segments per molecule.
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Figure 9.1. Entropically-driven surface segregation of comb polymers. Plotted is ¢comp, the volume
fraction of comb polymer in a given layer of the blend. The hard-wall surface of the blend is located
at layer 0. Concentration profiles for four bulk volume fractions of comb polymer in the blend (0.02,
0.05, 0.10, and 0.20) are shown.

The magnitude of excess comb polymer at the surface (above the bulk concentration) for
the given blend architectural parameters is predicted to be small for this hard wall
geometry. This is in contrast to the case where relatively favorable enthalpic interactions
between the comb side chains and the surface are introduced. Figure 9.2 shows the
concentration profiles for the same blend component architectures, but with the

introduction of a surface repulsion of A units by increasing ),,. Figure 9.3 shows the

near-surface volume fraction of comb polymer (¢’__,, the average comb concentration in

comb?

the top 10 layers of the blend ~50 A deep), and the comb concentration in the surface

layer only (¢

comb

) as a function of .
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Figure 9.2. Enthalpically-driven comb polymer surface segregation. Concentration profiles for bulk
comb volume fraction ¢".oms = 0.10 are shown; Xas is varied from 0 to 2.0. yap = Yns = 0.0.
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Figure 9.3. Near-surface volume fraction of comb additive and top-layer concentration of additive

for enthalpically-driven comb segregation. Near-surface volume fraction ¢°.,;, is the average comb
volume fraction in top 10 layers of blend; ¢'”® o, is the comb volume fraction in the top layer of the
blend. Increasing s increases the relative attraction of the comb side chains for the blend surface.
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The introduction of a relative enthalpic attraction of the comb side chains to the surface
greatly amplifies the extent of surface segregation. The topmost surface layer of the
blends is composed almost entirely of the comb additive for X, = 2.0 (modeling a matrix
and backbone component with low water solubility). Enrichment of the additive is
strongly surface-localized, providing only a thin surface layer of the comb polymer, and

no evident depletion layer.

Practically, for blends of POIMMA-r-POEM) comb polymer with polylactide, an
enthalpic attraction of the comb side chains to the surface can be achieved by annealing
blends in contact with water. To model the interactions of PLA and comb polymers with
an aqueous solution interface, we set ), = 0.4 () for poly(ethylene glycol) in water =
0.4146) and y,, = 1.25 (water is a nonsolvent for the backbone and matrix units). Since
the basic repeat units of the experimental system (lactide, methyl méthacrylate, and
ethylene oxide) are miscible!3!. 133, we set y,, = 0. Architectural and composition
parameters were kept as listed in Table 9.1.

Figure 9.4 shows the predicted equilibrium concentration profiles of blends with
these interaction parameters for varying bulk comb concentrations. The inset plots the
volume fraction of comb copolymer localized in the top surface layef (¢, asa
function of bulk comb volume fraction. The results predict a strongrlocalization of the
comb in the surface layer if a thermodynamic attraction between the comb side chains
and the surface is introduced by water annealing. Bulk concentrations of only 2 vol% of
the comb provide a concentration in the surface layer of nearly 90 vol%, and a large
excess within the top ~ 50 A of the blend. Though it discounts swelling at the
water/polymer interface, the hard-wall surface model suggests that d@nnealing

PLA/P(MMA-r-POEM) blends in contact with aqueous solution should yield > 95%
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surface coverage for bulk concentrations of ~10-20 vol% comb polymer. Figure 9.5

shows the predicted surface region volume fraction of comb polymer in

comb/homopolymer blends (¢°. ) as a function of the bulk concentration in PLA.

comb

Because ¢, provides a measure of the thickness of the surface segregated layer, larger

comb

values of ¢, should identify surfaces that can absorb greater amounts of water. Figure

comb
9.5 demonstrates that due to the rapid decay of the comb polymer enrichment away from
the surface, the average surface composition within the top 50 A will show a volume

fraction of comb polymer significantly less the 1.0 even when the top surface of the blend

is nearly 100% comb polymer.
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Figure 9.4. SCF predictions of P(IMMA-r-POEM) surface segregation in polylactide. (Main Figure)
Each curve is the calculated equilibrium volume fraction profile of the comb polymer blended with
PLA in contact with water at layer 0. Bulk volume fractions of comb copolymer are (¢), 0.02; (¢),
0.05; (*), 0.10; (%), 0.20. (Inset) Surface layer comb volume fraction for each of the bulk comb
concentrations plotted in the main figure.
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Figure 9.5. Surface region comb enrichment predicted for PLA/P(MMA‘-r-PO,EM) blends annealed
in contact with water. Shown is the calculated average volume fraction of comb polymer in the top
~50 A of blend thin films at equilibrium vs. the bulk concentration.

9.1.2 Swelling of Blend Surface Layers in Water

Further SCF calculations were made modeling the blend surface as a *“soft-wall” interface
by explicitly introducing water as a single-segment molecule immiscible with the blend
polymers. This allowed swelling of the blend surface layer in water to be modeled.
Computations were made with the same blend architectural parameters used in the
previous calculations. Interaction parameters were set to ¥, = 0.0, ¥, =0.4, and ), =
2.5. Note that a larger value of %, is used here to mode] the insolubility of the
hydrophobic units in water when the solvent is explicitly included in the calculation
(instead of approximating the surface as a hard wall), to counteract entropy-driven
mixing of the small molecule with the polymers. (In reality, this mixing entropy will be
overcome by entropy loss due to the hydrophobic effect.) An example of the predicted

equilibrium structure of the blend is shown in
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Figure 9.6, for ¢, = 0.015. Significant swelling of the surface layer is predicted by

comb
SCF, and the presence of water in the surface layer orients the comb polymer in a manner
similar to that predicted by SCF for pure comb polymer films in section 8.2.1. The
concentration profile for the comb backbone peaks in 2 layers of the interphase. Side
chains are depleted from these layers, extending into both the solvent and the bulk.
Similar to the predicted structure of comb polymer films in water, the top few layers of
the surface are composed almost entirely of hydrophilic side chain units and water. As

discussed in section 8.2.1, quasi-confinement of the comb polymer at the interface

implies arrangement of the molecules as non-interpenetrating disks at the surface.
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Figure 9.6. SCF prediction of blend surface swelling by equilibration in contact with water. Here,
water was explicitly modeled as a monomeric solvent. The bulk concentration of comb polymer is

6" comp = 0.015,
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Ligand cluster density at the blend surface should thus be controlled by the area fraction
of functionalized molecules at the surface, similar to comb polymer surfaces, and the size
of individual clusters will be directly determined by the lateral coil dimensions at the

interface.

9.1.3 Molecular Weight and Film Thickness Effects on Comb
Segregation

The calculations made in section 9.1.1 considered a comb polymer having 150 units in
the backbone; for POMMA-r-POEM) comb polymers of equivalent architecture this
corresponds to approximately a molecular weight of 25,000 g/mol. The SCF calculations
of Walton and Mayes!2¢ predicted a strong dependence of comb surface excess on

molecular weight for entropically-driven segregation. A significant molecular weight

effect is also predicted here, and provides a handle by which ¢, can be considerably

comb
increased. Figure 9.7 shows the change in 0" and ¢'_, for ¢"_, = 0.10 () parameters

modeling PLA/P(MMA-r-POEM) as in section 9.1.1) with increasing N, of the comb

bbone

for the hard-wall surface model. Quadrupling the molecular weight of the comb polymer
by increasing N, from 100 to 400 (keeping the spacing between side chains constant)

gives rise to an increase in ¢, of about 40%. Although we might expect further modest

increases in ¢, up to molecular weights of several hundred thousand g/mol, slower

comb

kinetics of diffusion for higher molecular weight chains (diffusivity ~ M) become a
practical limitation to surface segregation. Hence, optimal molecular weights in the

range of 25-100K g/mol (N,,.. = 150-600 units in our calculations) should provide good

bbone
surface coverage by the segregating additive while maintaining reasonable kinetics for
equilibrating the blend.
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Finally, a practical consideration in our experimental studies is the effect of film
thickness on the surface structure. Previous theoretical and experimental studies of
surface segregation have shown segregation may be reduced as the film thickness
decreases due to decreasing differences in bulk vs. surface free energy!26. 194,195, Figure

top

9.8 shows the calculated surface concentrations of comb polymer in the top layer (¢ )

and averaged over the top 10 layers of the blend (¢, _,) as a function of film thickness for
%, parameters modeling a PLA/P(MMA-r-POEM) blend with ¢’ _, = 0.10. Because the

enthalpic driving force for this blend is expected to be quite strong (X, << X,,), film
thickness effects are only seen for films less than ~500 A thick. Blend thin films with
thicknesses > 500 A should thus have surface segregated structures representative of
much thicker polymer blend devices and bulk samples. These calculations were made
assuming segregation only to the free surface of the blend; if surface energetics also
favors segregation of comb to the substrate/polymer interface, these calculations will

underestimate thickness effects for very thin films.
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Figure 9.7. Effect of comb polymer molecular weight on surface segregation predicted for
PLA/P(MMA-r-POEM) blends. Nppone is increased while maintaining a constant side chain length of
4 units and spacing of 7 units. One additional side chain is added for every 7 units of added
backbone to maintain constant comb composition.
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Figure 9.8. Film Thickness Effects. Variation in comb top surface layer volume fraction 0'P comb

(main figure) and top 50 A average volume fractions ¢° ;. (inset) with film thickness.

9.2 Characterization of PLA/P(MMA-r-POEM) Blends

9.2.1 Miscibility of P(MMA-r-POEM) Comb Polymers With
Amorphous PLA

Experimental assessment of miscibility of semicrystalline PLA withr“other polymers is
made challen ging by the inherent phase separation of crystalline and amorphous regions,
which confuses attempts to elucidate mixing of a second componentf in the amorphous
phase. We thus carried out miscibility analyses using the non-steredregular isoform of

PLA, poly(D,L-lactide), which does not crystallize and allows a clear determination of
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amorphous mixing between the polyester and a second component!3!. Bulk miscibility
of PLA and the comb polymer was assessed for PLA/C1 blends using dynamic
rheological testing and small angle neutron scattering measurements on bulk melt-pressed
blend samples. Miscibility of the comb polymer with PLA could not be determined by
thermal analysis, as the T,s of the comb (T, = 43°C) and PLA (T , = 37°C) are too close to
effectively resolve in blends, especially in light of the broadening of the glass transition

which is typically observed in miscible blends!%6.

Dynamic Rheological Measurements of Blend Miscibility

Representative results from the rheological measurements on PLA/comb polymer
blends are shown in Figure 9.9. The time-temperature superposition (tTS) principle!97
empirically relates the frequency dependence of the complex dynamic modulus (G*) of a
material observed at temperature T to that at a given reference temperature according to:

G*(0,T) = brG*(war, Trer) (Eqn 9.1)

The modulus-scale shift factor b, and frequency-scale shift factor a, allow
superposition of data at temperature T with that of the reference temperature (here, we
have chosen T ;= 140°C). Figure 9.9 shows tTS master curves for a 50:50 wt:wt
PLA:C1 blend. Qualitatively, the data show a single plateau in the storage modulus at
high frequency and one break in slope moving from high to low frequency, indicative of
flow in a homogeneous blend. In contrast, immiscible blends show a second plateau in
G’ at low frequency due to a long time relaxation mechanism present in phase-separated
microstructures!98. Figure 9.10 shows a Han plot!99-203 of the 50:50 blend data. Two
criteria for a fully homogeneous blend are temperature independence of the log G’ vs. log

G” curves and a terminal slope approaching 2; both requirements are met by the
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PLA/comb blend. Similar rheological measurements on 80:20 and 90:10 wt:wt PLA:C1

blends indicate full miscibility of the polymers over this composition range.
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Figure 9.9. tTS master curves for a PLA/comb polymer blends prepared from dynamic rheological
measurements. Legend shows temperature (in °C) of each shifted data set for a 50:50 wt:wt
poly(D,L-lactide):C1 blend.
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Figure 9.10. Han plot of rheological data for 50:50 wt:wt PLA:C1 blend.
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SANS Measurements of Blend Miscibility

For further confirmation of the compatibility of PLA with the comb polymer,
SANS measurements were made on melt-pressed bulk poly(D,L-lactide)/C1 blends.
Phase separation gives two features in small-angle scattering204. 205, Porod scattering

arises due to interphase boundaries at low Q; here the intensity scales as Q.
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Figure 9.11. Scattering results for SANS measurements on PLA:C1 blends at several temperatures.
Scans were made on the same sample moving from 175°C to 100°C in 25° increments. (a) 90:10
wt:wt PLA:C1 blend. (b) 80:20 wt:wt PLA:C1 blend.
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(Q is the scattering vector, Q = 41\ 'sin 6 where A is the wavelength of the incident
neutrons and 6 is the scattering angle). At higher Q the intensity scales as Q” (the Debye
region) due to scattering from individual chains within different domains. Scattering
profiles for a 90:10 wt:wt PLA:C1 blend and 80:20 wt:wt PLA:C1 blend are shown in
Figure 9.11(a) and Figure 9.11(b) respectively. The samples show essentially
background intensity over the entire scattering vector (Q) range examined. This is
expected for a sample which has no source of contrast: for a mixture of two different
polymers this is true when the blend is miscible and has little neutron scattering length

density contrast.

9.2.2 Surface Segregation of P(MMA-r-POEM) in Poly(L-

lactide)/Comb Blends

Surface Energy Measurements of Blend Components

Surface segregation in miscible polymer systems is thermodynamically controlled by
surface free energy. For a given blend system at equilibrium, the component with the
lowest surface free energy will typically be enriched at the surface of the blend.
Measured surface free energies in air (surface tension in air) of PMMA, Cl1, and poly(L-
lactide) are listed in Table 9.2. As expected, introduction of the hydrophilic PEG side
chains in the comb polymer raises the surface energy (in air) of the comb polymer
relative to pure PMMA. The measured surface energy of PLA is significantly lower than

previously reported from experiments using an underwater contact angle method8.
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However, polymer surface energies derived from underwater contact angle measurements
are known to be invariably too large (often twice as large as accepted values) due to
adsorption of oils at the water-polymer interfacel6l. As measured here, PLA shows a
surface energy significantly lower than both PMMA and the comb polymer. Therefore
blends of POMMA-r-POEM) with PLA annealed in air or vacuum are expected to show a
depletion of the comb polymer from the surface (enrichment of the lowest surface energy
component, the matrix). However, if we consider the case of annealing the blend in
contact with water, surface enrichment will be controlled by the relative values of the
water/polymer interfacial tension rather than the air/polymer interfacial tension. The
comb polymer has a calculated interfacial tension with water significantly below that of
PLA/water, suggesting a driving force for comb surface segregation in blends annealed in

contact with water, in line with results from SCF calculations in section 10.1.1.

Table 9.2. Measured surface energies of PMMA, P(MMA -r-POEM), and PLA.

Polymer y"p (dyn/em) ", (dyn/cm) v, (dyn/cm) Ypw (dyn/cm)
PMMA 33+0.58 12+1.5 45+1.6 3.3x0.99
C1 33+0.37 15+0.59 48+0.70 2.6x0.19
PLA 26x1.7 13+4.4 38+4.7 5.6+1.8

Dispersive (de), polar (¥ »)» and total surface energies (y,) of polymers in air were calculated from
sessile drop contact angle measurements on polymer surfaces. Interfacial energies of the polymers

with water (y,,) were calculated using the equation of Girifalco and Good162, 163, (Eqn 6.2).

XPS Analysis of Thin Film Blend Surface Compositions

Surface compositions of thin film PLA/C1 blends were assessed via X-ray
photoelectron spectroscopy (as described in Chapter 6). Example raw data from high-
resolution C, scans of two blends, 80:20 and 90:10 wt:wt PLA:C1, are shown in Figure
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9.12 before and after annealing in water. Surface segregation of the comb polymer is
indicated by the growing peak contribution to the spectra at ~286.5 eV (relative to the

carbonyl peak at ~289 eV), characteristic of carbon bonded to oxygen in the comb side
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Figure 9.12. C;; XPS data for PLA:C1 blends.

Data sets normalized to match COO peak areas of unannealed and annealed samples. (*)
unannealed blend raw counts, (*) annealed blend raw counts, ( == ) unannealed blend EO carbon
environment peak, ( == ) annealed blend EO carbon environment peak. (a) 90:10 wt:wt PLA:C1.
(b) 80:20 wt:wt PLA:C1.
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Figure 9.12 also plots the best-fit comb side chain ethylene oxide (EO) C,_ contribution to
the spectra before and after annealing for each sample, showing the increase in this
component at the surface upon annealing. The deconvoluted peaks and best fit for the
two spectra of Figure 9.12 are given in Figure 9.13. Qualitatively, the contribution of EO

units (and thus comb polymer) at the surface is significantly enriched after annealing.

280 282 284 286 288 290 292

BE (V)

Figure 9.13. Example Best Fits to XPS Data and Deconvoluted Peaks. Samples are (a) 90:10 wt:wt
PLA:C1 annealed blend, and (b) 80:20 wt:wt PLA:C1 annealed blend. Contributions due to the EO
units of the comb side chain are highlighted by the gray solid lines. Dotted lines show the
contributions to other C;; bonding environments in the spectra.
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Quantitative values of the near-surface volume fraction of comb polymer, ¢,

were calculated from best fit data for each sample preparation condition. The near-

surface comb volume fraction values are plotted as a function of bulk comb volume
fraction in Figure 9.14(a) for take-off angles of 45°. XPS probes a depth of ~50 A; the
total measured ¢, from the XPS data corresponds to a weighted average composition

over this near-surface depth. Also plotted in Figure 9.14a is the equation ¢'__, = ¢

comb —
(dashed line), the expected surface composition if no surface segregation or depletion

OCcurs.

0 005 01 0.15 02 0.2
q)b
comb
Figure 9.14. Surface segregation of comb polymer in PLA blends measured by XPS. Measured
surface volume fraction of comb polymer from XPS data. (----) Expected surface composition for no
segregation. () Surface volume fraction comb polymer calculated from XPS data for unannealed

PLA/C1 blends. (*) Surface volume fraction comb polymer for blends annealed 4 days at 70° C in
H,0. (*) Surface volume fraction comb polymer for blends annealed 4 days in vacuim at 120°C.
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Blend samples as cast show significant comb polymer surface segregation,
presumably driven by surface entropy. Blends annealed in vacuum show a drop in the
surface concentration of comb (Figure 9.14(a)), from the surface-enriched as cast
condition to approximately the bulk concentration. Surface energy measurements
suggest a depletion of comb from the surface under these conditions (¢, , < ¢’, ) might
be expected. However, entropic chain end segregation still favors surface localization of
the comb polymer in vacuum annealing. Annealing blends in contact with water led to
strongly enhanced surface enrichment of the comb polymer over the as cast condition, in
agreement with interfacial energy considerations and our model predictions.

To further understand the surface composition of annealed blends, expected XPS results
were modeled using theoretical SCF concentration profiles for PLA/comb polymer
blends. Model concentration profiles were used to generate expected values of A,

/A

blend

the ratio of the ethylene oxide carbon C peak in blends (A ) to that in the

EQ comb? EO blend

pure comb polymer (A, ....)- Theoretical concentration profiles were calculated using

the hard-wall surface model, in keeping with the high-vacuum environment of XPS.
Representative ) parameters were used to model the PLA/comb blend: ,, = 0.0, and )
= 0.4. The interaction parameter ., which is not explicitly known for this system, is the
only adjustable parameter for the calculation. Y, was varied between 1.0 and 3.0 to
obtain a best fit to measured values of A, , /A, . Best fits were obtained for ,, =

1.25; the measured XPS area ratios are compared to the SCF predicted values in Figure
9.15.

Concentration profiles that correspond to the predicted A, . /A, ...p1atios are

shown in
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Figure 9.4, as discussed in section 9.1.1. The theoretical SCF concentration
profiles for these parameters show a rapid decay of the comb concentration as one moves
from the top layer of the blend into the bulk. Thus the concentration of comb in the top-
most surface layer of the blend (based on the model predictions) may be significantly
higher than the average surface concentration measured by XPS. The volume fraction of

comb in the top layer of the blend predicted by SCF (¢ ~5 A deep) is plotted vs.

comb ?
comb bulk volume fraction in the inset of
Figure 9.4. Based on the model predictions, the total surface enrichment

measured in XPS corresponds to ~90% coverage of the top surface layer of the blend by

comb polymer when ¢"__, = 0.20.

comb

B XPSdata
— SCF calculation

AEO blend/ AEO comb
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Figure 9.15. Comparison of experimental ethylene oxide C,, carbon peak areas with best-fit SCF
predictions. Ago plend/AE0 comb iS the ratio of the C;; EO carbon peak (BE = 286.5 eV) in blends to that
in a film of pure comb polymer. (¢) XPS data. ( —) Best fit using theoretical SCF concentration
profiles for blend.
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Contact Angle Measurements on Blend Thin Films

Surface enrichment of the comb results in modified contact angles for water on the blend
surfaces, as shown in Figure 9.16. Unannealed blends showed a decrease in the contact
angle on withdrawal , indicating some restructuring of the surface under water. This is
consistent with an excess of comb polymer at the as-cast surface, as detected in XPS.
However, the surface excess of comb polymer in the as-cast blend appears insufficient to
provide restructuring in water to a completely wetting surface. The contact angle drop
plateaus at small drop volume rather than continuing to decline, in contrast to
measurements made on pure comb polymer films (Figure 8.8). This may indicate either a
very thin surface layer of comb polymer (comparable to the structure of latex films;
contact angles shown in Figure 8.12), or incomplete coverage of the top surface by the
hydrophilic side chains.

Contact angles on water-annealed blends, on the other hand, were qualitatively
similar to those on comb films or latex films. Contact angles steadily declined with
decreasing drop volume on annealed blends, corresponding to a constant area of contact
of the spread water droplet on the surface, due to the presentation of PEG side chains at
the reorganized surface. On respreading of a water drop on the annealed surface, the
droplet immediately spread to the bounds of the pre-wet area due to absorption of water
in the comb-enriched surface layer. Previous studies80 of surface segregation of a similar
amphiphilic comb polymer showed that the amount of water absorption in the comb-
enriched surface layer can be significant (up to 40 vol% water at the top 50 A of the
blend). As noted in the following section, spincast PLA blends exhibit a rough surface

morphology, and this may influence the observed contact angle result!6!; however the
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observed trend is consistent with the surface composition measured by XPS- and

comparable to the contact angle data obtained on smooth pure comb polymer surfaces.

AFM and XRD Investigations of Thin Film Blend Morpholdgies

Morphologies of pure poly(L-lactide) and 80:20 wt:wt poly(L-lactide):C1 blend
films were investigated using atomic force microscopy and X-ray diffraction. The
percent crystallinity determined from XRD spectra for pure PLA or PLA/C1 blends as
cast and after annealing 4 days in water is listed in Table 9.3. AFM was performed on
spincoated samples as cast or annealed 1 or 4 days in water. AFM images of samples

annealed for 1 or 4 days were qualitatively similar; images after 1 day annealing are

shown.
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Figure 9.16. Water contact angles with 80:20 wt:wt PLA:C1 comb blends. Measurements made on
spincoated films of blends, both (a) before and (b) after 4-day heat treatment at 70°C in water. (o)
spreading drop contact angle, (+) withdrawing drop contact angle, (*) respreading contact angle.
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Figure 9.17(a) shows surface topography of a pure PLA thin film observed by
AFM. The spincast polymer film is initially transparent with a homogeneous flat surface
showing no topographical or chemical/elastic features discernible by AFM. This is in
contrast to the surface structure of the water-annealed film, shown in Figure 9.18(a) and
(c). Formation of fibrous of crystalline lamellae on annealing leads to roughening of the
(now opaque) film. The AFM phase data for the annealed surface reveals crystalline
fibers distributed over the surface of the film. Separation of amorphous and crystalline
domains within polymer films can occur over molecular distances (amorphous chains
confined between lamellae) or microscopic distances (amorphous chains between
lamellar fibers or between spherulites), depending on polymer molecular weight, chain
mobility, crystallization rate, and the internal interactions of the chains206-211, Under
AFM inspection, the PLA thin films prepared here by spincasting from chloroform
appear to exhibit interfibrillar segregation of the amorphous component.

Spincoated blends of PLA with 20 wt% C1 exhibit significant differences in
morphology. AFM topography images of an as cast poly(L-lactide)/C1 blend film are
shown in Figure 9.17(b). The blend exhibits a pitted surface that might be attributed to

phase separation.

Table 9.3. Percent crystallinity of PLA and 80:20 wt:wt PLA:C1 blends before and after water
annealing.

sample % crystallinity (as cast) % crystallinity (annealed)
PLA ~0 21.7
PLA/C2 blend 52 19.2

Values determined from XRD spectra.
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However, as cast blends of C2 with poly(D,L-lactide) show similar features, as seen in
Figure 9.23(c). The films prepared were several thousand A thick, apparently too large
for thickness-induced phase separation?!2. Nor is the structure in the PLA blend likely
attributable to crystalline/amorphous phase separation, as the as cast sample exhibits only
~5% crystallinity. Topography of thin films can be strongly influenced by the choice of
solvent and sample preparation conditions2!3. Preferential interactions of one of the
blend components with the solvent214. 215 and rapid solvent evaporation during
spincoating216. 217 have both been observed to influence thin film tobographies. Given
that PLA was clearly miscible with C1 as assessed by rheology and SANS, it is likely
that the topography seen in the as cast films is a non-equilibrium effect of the solvent and
casting method rather than phase separation.

Upon annealing in water, crystal growth occurs in blends, as shown in Figure
9.18. X-ray diffraction spectra of PLA and PLA blends are shown are Figure 9.19.
Comparable levels of crystallinity were measured in pure PLA and PLA/C1 blends
annealed in water, although the morphologies of the annealed blends as seen by AFM
differ considerably from annealed PLA films. Crystal growth in the blend is shown in
Figure 9.18(f) to result in plate-like lamellae, while the pure PLA film (Figure 9.18(c))

shows branched fibrillar crystal growth.
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10.0

Figure 9.17. AFM topography images of as cast polymer thin film surfaces. (a) As-cast PLA thin
film. Height grayscale is 20nm. (b) As-cast 80:20 wt:wt poly(L-lactide):C1 blend. Height grayscale
is 100 nm. (c) As-cast 80:20 wt:wt poly(D,L-lactide):C1 blend. Height grayscale is 100 nm. Round
dark features in as cast PLA blends are pits ~20-35 nm deep.

181



0 2.5 5.0 7.5 10.0 0 2.5 5.0 ?.5 10.0

2.00

=50
3.00
L] 1]

Figure 9.18. Morphological changes in PLA/comb polymer blend thin films induced by annealing.
Shown are AFM topography (a,b,e) and phase (c,d,f) images. Topography grayscale is 200 nm.
Phase grayscale is 60°. (a,c) PLA thin film after water annealing. (b,d,e,f): 80:20 wt:wt PLA:C1
blend after water annealing.
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Figure 9.19. X-ray diffraction spectra of poly(L-lactide) and poly(L-lactide) blends. XRD patterns
were obtained for solvent cast films of (a) PLA as cast, (b) PLA annealed in water, (c) 80:20 wt:wt
PLA:C1 as cast, and (d) 80:20 wt:wt PLA:C1 annealed in water.
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Accessible RGD Densities at PLA Blend Surfaces

Surface presentation of RGD ligand on PLA was achieved by blending with
RGD-functionalized comb polymer. PLA/C2/C2-RGD3 and PLA/C2/C2-RGD4 blends
were examined by AFM to determine the amount and distribution of surface-segregated
RGD in water-annealed blends. Based on the combined SCF modeling and XPS data
which showed a high surface coverage of blends by comb polymer for ¢"_, = 0.20, we
chose to examine blends with a fixed total concentration of comb polymer (C2-RGD3 or
C2-RGD4 + C2) of ¢, =0.20. The relative amounts of ligand-modified and

comb

unmodified comb were varied in blends to alter the RGD surface density.

To assess the presentation of RGD peptides at the surface of the blend, 30 nm-
diameter polystyrene nanospheres were covalently linked to ligand accessible at the
surface of the blend, similar to the approach taken in section 8.3.1 for quantifying ligand
density at the surface of comb/RGD-comb films, and AFM was performed on the labeled
samples. This method allowed approximate average total cluster density determination,
and also allowed examination of the local distribution of clusters at the surface of
PLA/comb/RGD-comb blends. Representative AFM topography and phase images are
presented in Figure 9.20 for blends containing 1, 5, or 10 wt% C2-RGD4. AFM phase
data, depending on the sample under investigation, displays contrast arising from
chemical or stiffness differences at or near the sample surface218-230, Thus the PS
nanospheres (T, ~ 100°C), which are significantly stiffer than the blend components at

room temperature, are clearly defined in the phase image. Bright objects that we have
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identified as the nanospheres in the phase image correlate with objects in the topography
image of ~30 nm height. Blends exhibit immobilized nanospheres both on the top
surface of the films and within the pits which were large enough for the AFM tip to
effectively probe, indicating that the comb polymer is homogeneously present in the top

surface layer of the uneven thin film blend surfaces.

topography phase thresholded binary image

Figure 9.20. AFM images of nanosphere-labeled PLA:comb:RGD-comb blends. Shown are 5 im x 5
pm AFM scans of water-annealed blends containing three different RGD-comb concentrations; the
blend composition in each case was 80:20-x:x wt:wt:wt PLA:C2:C2-RGD4. Images left to right are
AFM topography, AFM phase, and the processed phase image binarized to depict the nanospheres
only. (a) 80:19:1 blend, (b) 80:15:5 blend, (c) 80:10:10 blend.
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The extremely high contrast between the nanospheres and underlying blend
surface in phase images was exploited to identify the effective cluster density at the
surface of blends. Phase images were converted to binary (black/white) data and
analyzed to obtain surface cluster densities and total ligand densities on blend surfaces.
The analysis requires several assumptions as outlined in the discussion of ligand density
determination on comb polymer films in section 8.3.1. Semi-2D confinement of the
comb polymer backbone at the surface is assumed, as predicted by SCF, and nanospheres
are assumed to label a single cluster at the surface. Due to the roughﬁess of the spincast
surfaces, we estimate the cluster densities determined here are likely only accurate to
within 10%, as it is not certain that the AFM tip is able to probe to the bottom of all of the
surface pits. Results from cluster-labeling analyses for two different cluster sizes are
shown in Figure 9.21. Despite the uncertainty in label density caused by the roughness of
the chloroform-cast blends, the cluster density data agrees with the predicted alignment
of the comb polymer in the surface layer, similar to results on pure comb films. The
measured cluster densities are consistent with a 2D, non-interpenetrating arrangement of
combs at the surface, as predicted by the SCF calculations. The measured cluster density
at ¢ ,qp o = 0-20 is comparable to the maximum cluster density measured on pure RGD-
comb films; this is also consistent with the results from XPS indicating near-complete

surface coverage of the blend by comb polymer for ¢°__, = 0.20. The relatively small

comb

chemical difference between the RGD-

bearing combs (for the data shown, the peptides account for only ~4% by weight of the

comb molecules) should mean that surface segregation of the RGD-bearing combs is
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similar for all of the cluster sizes examined in these studies. This is supported by the data
in Figure 9.21 for 5.4 RGD/comb and 2.2 RGD/comb surfaces, where the same cluster
density was measured on these two different cluster sizes when equivalent bulk RGD-
comb concentrations were blended. Assuming the comb and RGD-comb are driven to
the surface to nearly equivalent coverage, the surface density of peptide clusters should
be linear from 0 at ¢", .., = 0 to ~950 clusters/um’at ¢",, ., ~ 0.20. A linear
dependence of cluster density on ¢',, ... appears to reasonably describe the cluster

separation and total RGD density data.
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Figure 9.21. Peptide cluster density and total peptide density on blend surfaces. 80:20-x:x wt:wt:wt
PLA:C2:C2-RGD blends were annealed 1 day in water and subsequently labeled with nanospheres.
(a) Total cluster density for two cluster sizes, 5.44 peptides/comb (C2-RGD4) and 2.2 peptides/comb
(C2-RGD2). Solid gray line is the maximum cluster density presented by pure RGD-comb films
from section 8.3.1. Dashed line is a linear trend with maximum cluster density at ¢"ggp.comp = 0.20.
(b) Total RGD density for two cluster sizes, 5.44 peptides/comb (C2-RGD4) and 2.2 peptides/comb
(C2-RGD?2) converted from total cluster surface density for each comb polymer. Lines show trends
expected for rule of mixtures expression of C2-RGD2 or C2-RGD4 at the blend surface.
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9.3 Cell Adhesion on PLA/P(MMA-r-POEM) Blends

9.3.1 Elimination of Nonspecific Cell Adhesion on PLA Blends

Nonspecific cell attachment to PLA is not as prominent as seen on some synthetic
polymers, but is still significant>8. Surface segregation of C1 in PLA was assessed for
reducing nonspecific cell adhesion. WTNR®6 fibroblasts were seeded on water-annealed
PLA/C1 blends in media containing 7.5% serum and the number of cells attached after 24
hours was determined by a DNA quantification assay. Figure 9.22 shows the fraction of
seeded cells adhered and the fraction of cells adhered relative to unmodified PLA as a
function of the bulk concentration and as a function of the near-surface concentration of
the comb polymer as determined by XPS. Consistent with the trend in surface
enrichment of comb polymer with increasing bulk concentration, cell attachment is
inversely correlated with the comb content of the blends.

Cell attachment on the modified PLA blends appears to require a minimum

surface enrichment of comb polymer around ¢’ = 0.50 in order to reduce cell

comb

attachment. The fraction of cells attaching to blends with ¢",_, = 0.20 is not as low as
measured for pure comb polymer films, however, the absolute cell number on these

surfaces is less than 5% of the total seeded. From this data it is evident that surface

segregation reduces protein adsorption and nonspecific cell attachment on blends.
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Figure 9.22. Adhesion of WTNRGS fibroblasts to PLA/C1 blends. WTNRG6 fibroblasts were seeded at
30,000 cells/cm’ in 7.5% serum-containing media. (a) Fraction of cells attached after 24 hours vs.
comb polymer bulk volume fraction. Dashed line is the cell resistance exhibited by pure comb
polymer films. (b) Attachment data re-plotted against the calculated surface volume fraction of
comb polymer in the annealed PLA/comb blends. Dashed line is cell resistance of pure comb film.

190



9.3.2 RGD-Mediated Adhesion of Cells to PLA Blends

Surface segregation of RGD-modified combs allows tailored cell adhesion on PLA
blends. The total volume fraction of comb polymer in blends for further tethered ligand
studies was fixed at 0.20 to maximize resistance of the blends to nonspecific cell

attachment; the relative ratio of comb to RGD-comb was varied but ¢’ , + ¢",op.. . =

0.20 for each experiment. Figure 9.23 plots cell attachment vs. ¢’ for blend
annealing times of 0, 1, or 4 days. As expected from the measurements of RGD surface
density, after only 24 hours annealing in water, the surface density of RGD is sufficient
to promote attachment and spreading of cells on the comb-modified blend. Further
annealing does not increase the adhesivity of the surfaces.

Cell attachment as a function of RGD density was assessed on annealed PLA/
C2/C2-RGD4 blends. Figure 9.24 plots the fraction seeded cells attached vs. surface
RGD density calculated from nanosphere-labeling measurements. Cell attachment
saturates at a level comparable to that seen on highly adhesive TCPS controls for C2-
RGD4 bulk concentrations of only 5 wt%, due to the strong surface segregation of the
comb and the potency of tethered RGD peptides. RGD-expressing surfaces support
much greater cell attachment than unmodified PLA. Figure 9.25 shows example phase
contrast micrographs of cells attached to RGD-bearing blends with varying surface
densities of ligand. Rounded cells (which appear in phase contrast micrographs as cells
with bright borders) are prominent on PLA blends containing only 1 wt% C2-RGD4, but
cell number and cell spreading both increase as the RGD content of the blend is

increased. For only 5 wt% C2-RGD4 in the blend (~1,300 RGD/um’ at the surface) cells

attach and strongly spread.
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Figure 9.23. Cell adhesion on PLA/C1/C1-RGD1 blends. Fraction of seeded WTNRG6 cells attached
at 24 hours (30,000/cm’ seeded) to blends unannealed or annealed 1 or 4 days. Legends show blend
bulk weight fraction C1-RGD1. Total comb content (C1 + C1-RGD1) was 20 wt%.
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Figure 9.24. Cell adhesion on PLA/C2/C2-RGD4 blends with increasing RGD content. Comparison
of WTNRG fibroblast adhesion at 24 hours on blends with constant total content comb (20 wt% ) but
increasing fractions of C2-RGD4. The dotted line is the mean fraction seeded cells nonspecifically
attached on TCPS control substrates in the same experiment. The solid gray line is the mean
fraction seeded cells nonspecifically adhered to an unmodified PLA control.
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Figure 9.25. Phase contrast micrographs of cell morphology as a function of RGD density on PLA
blends. (a) 80:19:1 wt:wt:wt PLA: C1:C1-RGD1. (b) 80:18:2 PLA: C1:C1-RGD1. (c) 80:15:5 PLA:
C1:C1-RGD1.

Similar to results obtained for C2/C2-RGD4 blends, cell attachment on RGD-
expressing PLA blends is mediated by specific RGD-integrin interactions. Addition of
85 UM soluble GRGDSP to the media of cells attached to RGD-comb-modified PLA
promoted rapid rounding of the cells, and over 4 hours, > 90% cell detachment.
Changing to fresh media after exposure to soluble RGD (before complete detachment),

cells respread on the tethered ligand surfaces.

9.3.3 Degradation Kinetics of Comb/PLA Blends

A critical issue in the use of surface segregation for tissue engineering is the
stability of the surface layer. Degradation of the system must be slow enough to allow
cell behavior to be guided for an appropriate time period by the ligand-bearing surface.
This is especially important since the comb is amphiphilic and will improve the ability of
water to penetrate the bulk of the blend as it degrades. The time course of ligand loss
from the surface of comb-segregated PLA blends was followed by monitoring the release
of fluorescent nanosphere-labeled RGD peptides from thin films degraded over time
under physiological conditions. Label loss from the surface of 80:20 wt:wt PLA:C2-

RGD?2 blends measured over time is shown in Figure 9.26. Ligand can be lost from the
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degrading blend surface through either hydrolysis of the ester linkage between the RGD
peptide and comb polymer, or via degradation-induced solubilization of surface-localized
comb polymer. Ligand density at the surface of the blend is seen to decrease only very
slowly under physiological conditions, retaining >90% of the labeled ligand after 3 weeks
incubation in saline.

As a practical measure of short-term surface stability, we also assessed the ability
of RGD-bearing PLA surfaces to support sustained cell attachment and growth of
WTNRG fibroblasts over 5 days in culture. The expansion of cells over this time period
on surfaces presenting three different densities of RGD peptide is shown in Figure 9.27.
At the end of this culture period, addition of 85 um soluble GRGDSP to media of cells
cultured on 10% C2-RGD?3 blends promoted detachment of > 90% of the attached cells,
again pointing to peptide-mediated adhesion even after several days in culture. Successful
expansion of cells on these surfaces thus indicates stability of the tethered ligand surface

over this time course.
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Figure 9.26. Labeled ligand loss from the surface of PLA/C2-RGD2 blends over time under
physiological conditions.
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Figure 9.27. RGD-bearing PLA blends support cell attachment and growth over several days in
culture. WTNRG6 fibroblasts were seeded on PLA/ C2/C2-RGD3 containing (®) 615 RGD/umz, (M)
880 RGD/um’ or (*) 1,760 RGDlp.mz. Cell number was measured after 24, 72, and 120 hours in
culture.

9.4 Summary

The results of these studies suggest surface segregation of the comb polymer as an
additive in PLA (a material with suitable biodegradation and mechanical properties) as a
suitable approach to create cell-signaling surfaces on a biodegradable device.

This approach is attractive for several reasons. As already discussed at length in
Chapter 8, the comb polymer is inexpensive and easily prepared. Precious peptides are
used sparingly since small amounts of ligand-bearing comb are strongly enriched at the
surface by segregation. Only 5-10 wt% of RGD-bearing comb polymer in the blend
provides confluent cell adhesion. Labeling of ligand at the surface of blends indicated
that comb polymer is semi-confined at the blend-water interface, similar to the situation

suggested by data for comb polymer films in water. Thus ligand clustering at the blend
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surface is achieved effectively, since the combs in the top layer extend a maximal
fraction of ligand into solution, rather than burying the peptide in the surface layer.

The blend is surface modified by thermodynamic self-assembly and thus
preparation of cell-signaling surfaces on PLA devices may in some cases be achievable
with no additional processing steps. Use of surface segregation to provide in situ surface
modification during device fabrication has been demonstrated in a comparable comb
polymer/semicrystalline matrix blend by Hester and Mayes23!, where surface segregation
was achieved during casting of POIMMA-r-POEM)/poly(vinylidene fluoride) blend
membranes by phase inversion in water. Similar processing approaches have been used
for the preparation of PLA foams for cell scaffolds?0. 105, Surface segregation might also
be readily achieved by simply incorporating a water annealing step as part of other phase
separation®’ or particulate-leaching?!: 92 scaffold fabrication methods. Because surface
segregation is essentially a self-organizing process, all exterior surfaces of complex three-
dimensional scaffolds can be modified. This is in contrast to line-of-sight coating

methods for which modification of interior pores of scaffolds would be problematic.

Segregation of the comb polymer did not appear to provide cell resistance
completely equivalent to that of pure comb polymer films, consistent with XPS results
showing high but incomplete coverage of the blend surface by comb polymer. This could
be an issue in some situations where a small fraction of nonspecific cell adhesion is
unacceptable, for example in tissue engineering of vasculature43. 48. 102 where selective
adhesion of only endothelial cells on the interior graft surface is desired. However,
further manipulation of the segregation process, for example, through a kinetic phase
inversion process23!, might reveal conditions for preparation of blends with even higher
comb surface coverage.
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To facilitate analysis, thin film blends were studied here, and three-dimensional
devices were not directly prepared. A potential limitation of this surface modification
technique will be the effect of the comb polymer on the three-dimensional structure
obtained by different fabrication routes. For example, incorporation of large comb
fractions may affect the morphology of water-fabricated scaffolds37- 231, This might be
addressed by manipulation of fabrication conditions, or through use of alternative
processing schemes. For instance, scaffold fabrication by 3DP™ printing54 or particulate
leaching0: 91, 104, 105 approaches may be relatively unaffected by the incorporation of the

comb polymer.

197



10 Quantitative Cell Adhesion Studies on

Clustered Ligand Surfaces

In this chapter, studies of the influence of adhesion ligand spatial distribution on cell adhesion
using the comb polymer surfaces developed in Chapters 8 and 9 are presented. The adhesion of
WTNRG6 fibroblasts on comb surfaces presenting RGD peptides in clusters of ~1.5-5.5
RGD/cluster and total ligand densities of 200-5,500 RGD/um’ was measured by a centrifugation
assay. These studies were performed in collaboration with MIT Graduate Research Assistant
Lily Y. Koo, who conducted all of the adhesion measurements on surfaces prepared by D. Irvine.
The ability of cells to respond to applied forces was found to depend on both cluster size and
total ligand density. Strengthening of cell attachment with increasing applied force was observed
for a range of detachment forces determined by cluster size and total RGD density on the
surface. To compare with results obtained for tethered RGD peptides, adhesion strength
measurements of cells on adsorbed fibronectin were also made. A strengthening of cell adhesion
in response to increasing applied force was also observed on fibronectin. The chapter closes
with a discussion of these results in the context of current theories of integrin signaling and cell

attachment. A model developed in collaboration with Lily Koo is presented which can
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qualitatively account for the observed behavior and which suggests ways to further probe this

force-induced strengthening response.

10.1Cell Adhesion Strengths on Clustered RGD

Clustered RGD surfaces were prepared using comb polymer thin films as described in section
6.4.1. Asdiscussed in Chapter 8, alignment of the comb backbone at the water/polymer

interface appears to organize the top layer of comb molecules as quasi-two dimensional, non-
interpenetrating disks of diameter ~32 nm. Thus each ligand cluster is confined to an area of

~800 nm’.

In order to analyze adhesion strength after seeded cells have had sufficient time to
organize and remodel their cytoskeleton in response to the surface (a process which may
continue for many hours173), measurements were taken 20 hours post seeding on surfaces. The
normalized fraction cells remaining adhered (FA) measured as a function of applied detachment
force (F,.») for surfaces presenting total RGD densities of 200 — 5,000 RGD/p‘m2 1s shown in
Figure 10.1. For the lowest cluster size, 1.7 RGD/comb, the fraction adhered cells shows a
monotonic decline with increasing F, . However, for cluster sizes > 2 RGD/comb, the fraction
of cells remaining attached is non-monotonic with increasing detachment force. Cell attachment
over the measured range peaks at an applied force between 200 and 600g and a strengthening of
adhesion occurs as the applied force is increased from low g up to this point. Peak position was
relatively insensitive to ligand cluster density, however, the force at which peak adhesion is
observed appears to depend on ligand cluster size: the position of the peak moves from ~600g to
between 200 and 400g as cluster size is increased at constant total ligand density.

For the surfaces with 3.6 or 5.4 RGD/comb, very low fractions of cells remained attached

at the lowest applied centrifugal forces (100 or 200 g). The clustered RGD surfaces thus appear
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to show an initial rapid drop in attached cells at low forces as outlined schematically in Figure
10.2. Consistent with this picture, an initial drop in fraction cells adhered was observed for 2.2
RGD/comb surfaces at 540 and 1,100 RGD/um’, where the peak in adhesion occurred at a
significantly higher force. In the schematic we introduce the notation F_, for the critical applied
force at which force-induced strengthening begins to occur and F___for the applied force at peak

adhesion. The fraction cells adhered at these points is FA_, and FA__, respectively.

‘max?

Figure 10.3(a) plots FA__for 3 cluster sizes. On the most adhesive surface (5.4
RGD/comb at 5,200 RGD/um’) peak adhesion was ~25% of the seeded cell number. For 1.7
RGD/comb, no peak was evident; therefore the low g force plateau FA value was plotted. At
constant cluster size the peak fraction of adhered cells only begins to rise as the total RGD

density rises above ~1,000 RGD/um’. The size of the peak (FA_, — FA_,) also slowly increases

with increasing total ligand density, as seen in Figure 10.3(b). Comparing the relative effect of

increasing ligand density vs. increasing cluster size, cluster size appears to have a much stronger

effect on the magnitude of adhesion strengthening observed.
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Figure 10.1.Normalized fraction of cells remaining adhered on clustered ligand surfaces as a function of the
applied centrifugal detachment force. Shown are results for a range of total ligand densities on 4 different
cluster sizes: (a) 5.4 RGD/comb, (b) 3.6 RGD/comb, (c) 2.2 RGD/comb, (d) 1.7 RGD/comb.
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A Fmax

FA

Figure 10.2. Proposed continuous force response curves for cell attachment on clustered RGD surfaces. Two
points on the curve have been labeled: the critical applied force at which strengthening begins to occur (F.;),
and the applied force at maximum adhesion (F,,,). The normalized fractions of adherent cells at these points
are FA_; and FA ., respectively.

Clustering 3.6 RGD/comb at the lowest RGD density examined (~250 RGD/um’) increases FA
by a factor of 3 over that on 1.7 RGD/comb surfaces, compared to only a 2-fold increase in FA
obtained by increasing the total ligand density by an order of magnitude at constant cluster size.
In Figure 10.4, the entire force response curves of comparable total RGD densities at
different cluster sizes are directly compared. Attachment strength of cells increases over the
entire range of applied forces when ligand is clustered on the substrate. 5.4 RGD/comb surfaces
provide better adhesion strength than 1.7 RGD/comb even when the total ligand density on 1.7
RGD/comb surfaces is nearly twice that on the larger cluster size. The increase in adhesion

max"®

strength provided by clustering is most pronounced atF, =F
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Figure 10.3. Clustering effects on cell responses to an applied force. Shown are (a) the peak fraction of cells
adhering on clustered ligand surfaces and (b) the fraction adherent peak height for cells detached over a
range of forces by centrifugation. Different cluster sizes are compared over a range of total ligand densities.
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Figure 10.4. Comparison of force response curves for comparable total ligand densities presented in different

cluster sizes.
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10.2Cell Adhesion Strengths on Adsorbed Fibronectin

In light of the dramatic influence spatial distribution of RGD peptides had on cell responses to
applied forces, we wondered how these results might relate to the physiological response of cells
to forces transmitted by integrin-ECM contacts. To compare with the results obtained on the
synthetic tethered ligand surfaces, adhesion strength measurements were thus also carried out on
surfaces prepared by adsorbing the ECM adhesion protein fibronectin (FN) to tissue culture
polystyrene from 0.1 pg/mL, 1.0 pug/mL, or 3.0 pg/mL EN solutions. Results from these
adhesion strength measurements are plotted in Figure 10.5. Qualitatively, adsorbed FN surfaces
exhibit peaks in the fraction of adhered cells, similar to the observation on clustered RGD
surfaces. However, cells attach more strongly at all forces for all three surface densities of FN
relative to the RGD peptide surfaces; this is consistent with the 100-1,000-fold greater affinity of
integrin receptors for the full adhesion protein. In agreement with the proposed qualitative shape
of the continuous force responses on clustered RGD (Figure 10.2), an upturn in FA is observed
forF, <F_, onadsorbed FN. The peak in cell adhesion becomes more prominent and appears
to move to higher applied force as the surface density of FN increases.

The qualitative similarity in cell force responses on FN and clustered RGD is striking,
considering the large difference in binding affinity, the lack of any explicit spatial distribution
control for adsorbed FN, and the fact that FN interacts with cells via multiple receptors25.
However, adsorbed FN may generate cell responses similar to clustered RGD by at least two
mechanisms. As discussed in the theoretical predictions of Chapter 7, multiple binding sites
presented by each FN molecule may act as nanoscale ligand clusters analogous to comb-tethered
RGD. In addition, stochastic adsorption of a few adjacent FN molecules may also give rise to
effective clustering. Simulations of clustered ligand binding in Chapter 7 predicted that random
adsorption could begin to elicit clustering effects at ligand densities on the order of 100
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ligands/um’. Here the FN surface densities are within this range: approximately 50, 270, and

720 for FN adsorbed from 0.1, 1.0, or 3.0 pug/mL solutions, respectively!72,

10.3 Effect of Substrate Compliance on Adhesion Strengths

Previous studies have demonstrated a dependence of stiffness of the integrin-cytoskeletal
linkages on substrate compliance?’- 28, Thus differences in cell adhesion on adsorbed fibronectin
vs. tethered RGD may be influenced by the greater rigidity of the polystyrene substrate relative
to the comb polymer surfaces, which absorb ~15 wt% water at equilibrium. The prominence of
the observed strengthening behavior might also depend on the compliance of the substrate. To
examine how rigidity effects might influence the observed strengthening behavior on clustered
RGD surfaces, cell adhesion strength was measured on surface-segregated 80:20 wt:wt PLA:C2-
RGD4 (5.4 RGD/comb) blends, where the crystallinity of the matrix should impart stiffness to

the tethered-RGD substrate.
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Figure 10.5. Cell adhesion strengths on adsorbed fibronectin.
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Because these samples required different preparation conditions, a quantitative comparison of the
fraction of adhered cells was not possible. However, Figure 10.6 compares the shape and
position of the FA curve for the PLA blend tethered RGD substrate (normalized to the maximum
adhesion on PLA blend surfaces) with comb polymer films expressing the equivalent total RGD
density on separate axes. The peak in cell adhesion occurs at a significantly lower applied force
for the rigid polymer substrate, and appears narrower. A model integrating these trends with the

observed dependence of cell force responses on cluster size is presented in the following section.
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Figure 10.6. Cell adhesion strengths on a rigid RGD-presenting PLA blend vs. a water-absorbing RGD-comb
polymer film. Surface density of RGD on both surfaces is ~5,200 RGD/um?.

207



10.4Discussion

10.4.1 A Model for Force-Induced Adhesion Strengthening on
Clustered Ligand Substrates

Using artificial substrates that present surface-tethered RGD peptide ligands for integrins in
nanometer-scale clusters, we have demonstrated the adhesion strength of fibroblasts is sensitive
both to the total ligand density and its spatial distribution in a manner dependent on the
magnitude of the applied detachment force. Adhesion strength of cells on surfaces presenting
clustered ligands shows a non-monotonic force dependence. This phenomenon has not been
previously observed in published shear flow detachment assays!3 232,233, However, assuming
that integrin signaling in the cytoplasm is the source of the observed responses, signaling from
multiple integrin clusters may be required rather than from only the small fraction of cell-
substrate contacts at the peeling front. Clear evidence for a strengthening process has also not
been published in other detachment experiments where the force is applied normal to the
substrate26, 45. 171; however, no previous study has thoroughly examined as large a range of
detachment forces as studied here. Although the apparent strength of receptor-ligand bonds 1s
known to be dependent on loading rate?, here we have clearly observed that spatial distribution
of ligand at constant total ligand density affects the observed strengthening response. No cluster
size effect would be expected if differences in cell adhesion at different applied forces were due

simply to differences in loading rate during acceleration in the centrifuge.

To understand the detachment data, current understanding of integrin signaling, integrin-
cytoskeletal linkages, and cytoskeletal mechanics must be considered together. Attachment of a

cell to its substrate is supported via mechanical linkage of the cytoskeleton to immobilized
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extracellular ligand via integrins. Studies of integrin-cytoskeletal linkages have demonstrated
that these connections between the superstructure of the cell and the ECM are strengthened on a
timescale of several seconds when a force is applied through the cell-ECM connection??. In
particular, Choquet et al.27 found the strength of integrin-cytoskeletal connections increased
linearly with an applied force restraining beads bound by integrins on the cell surface. This
strengthening in response to a locally-applied force appeared to have biochemical (i.e. signaling)
origins.

Strengthening of integrin-cytoskeletal linkages via force-driven signaling may explain the
observed strengthening behavior on the clustered RGD and adsorbed FN surfaces studied here.
A simple model that can describe the observed force responses of cells attached via clustered

ligands is depicted in Figure 10.7. We assume the mean force required to detach cells (<F,  >)

detach

is proportional to an integrin-based signal (S). In the absence of this signal, <F, > is a constant

detach’

independent of the applied force. If the magnitude of S is a nonlinear function of the force

transmitted to the cell, then <F > would in turn depend nonlinearly on the applied force. A

detach

hypothetical <F,,.> vs. F, curve assuming a sigmoidal dependence of S on F,  is drawn in
Figure 10.7(a). If the population of cells attached to a surface is assumed to have a normal

distribution of individual adhesion strengths distributed about <F

detach’

> as depicted in Figure
10.7(b). Then the number of cells remaining attached at any given F,, will depend on the

difference between F, and <F, ,>. The number of cells attached (NA) will be:

detach

FGPP

NA=NAW(1- [ f(< Fop > F,,)dF,,) (Eqn 10.1)
0

where NA is the number of cells attached under 0 applied force and fis the fraction of

the attached cell population (with mean attachment strength <F, _>) removed by a given applied

detach

force F, . This model gives rise to cell attachment curves as a function of the applied force as
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shown in Figure 10.7(c). The qualitative trend observed for cell attachment vs. F, is reproduced

by this model: NA initially decreases with increasing F_, until a critical applied force is reached,

app’

where force-driven signaling is turned on and begins to increase <F,,>. Strengthening

detach
continues until the force signal S begins to saturate, at which point further increases in F,  begin
to detach the maximally-strengthened cells.

The primary assumption of this model for force responses is the existence of an integrin-
based signal that is influenced by ligand spatial distribution; in this model clustering is required
for signaling, and signaling is required for adhesion strengthening. Clustering would act to shift
integrin-based signaling (S) to lower applied forces and potentially increase the plateau level of
signaling generated by the applied force, as shown in Figure 10.7(d). As cluster size increases,
FA__ and FA , increase, while F, and F_ decrease, in agreement with the observed trends in
adhesion strength. Evidence for force-dependent signaling by o3, integrins has been found in
experiments examining the response of integrin-cytoskeleton linkages to forces applied through
ECM contacts?7. 28,234, Choquet et al. found that integrin-cytoskeleton linkages strengthened
proportionally to a restraining force applied via ECM-coated microbeads restrained by a laser
trap?’. When they inhibited tyrosine phosphatases (which are important biochemical signal
regulators) in cells using phenylarsine oxide (PAO) the force-induced strengthening of o3,
integrin linkages was disrupted. This appears to implicate a biochemical component to the
strengthening response observed in their experiments. An integrin-derived biochemical signal
has similarly been implicated in the response of cells to substrate rigidity28. Cells cultured on
flexible substrates form dynamic, irregularly shaped focal adhesions relative to cells on rigid
substrates. Addition of PAO to cells on flexible substrates restored the formation of stable focal

adhesions.
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The adhesion strengthening response observed in this study may in fact correspond to the
strengthening response observed by Choquet et al.. In the laser trap experiments, beads were
coated with 1,000 — 5,000 ligands per bead. Strengthening of integrin linkages was observed for
restraining forces between 5 and 60 pN. Assuming half of the ligand presented by the beads was
engaged by integrins, the applied forces range from 0.002 to 0.120 pN pér receptor-ligand bond.
In the present experiments, the force applied per cell is related to the appiied centrifugal force
by26:

F= anp(V)(Pc - pm) (Eqﬂ- 10.1)

where F,_ is the applied centrifugal force (in units of g), V is the volume of the cell
(approximately 800 pum’, based on the observed diameter of WTNRG cells in suspension), p, is

the density of the cell ( p, ~ 1.03 g/cm’)!5, and p_ is the density of the culture media (p,, ~ 1.0
g/em’). Assuming 10’ integrins/cell and full integrin engagement on the ‘clustered RGD
substrates (which should be reasonable at the higher ligand densities that are much larger than
the integrin receptor density), the experimental forces applied here ranged from 0.047 pN per
receptor-ligand bond at 200 g to 0.188 pN per receptor-ligand bond at 800 g. Thus the applied
forces used in the current experiments appear comparable to the applied forces in the study of
Choquet et al, and a signaling-based explanation of the strengthening response observed here

appears consistent with their findings.

Alternatively, adhesion strengthening could be driven through the purely mechanical
response of the cytoskeleton without biochemical signaling. Wang et al. showed that the
stiffness of the cytoskeleton increases proportionately with stress applied through ECM-coated
microbeads!4 235, This stiffening could be accounted for by a tensegrity model of the cell, where

the entire cytoskeleton of the cell responses by global rearrangement of cellular mechanical
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elements in response to applied forces. However, other experiments using locally-applied forces
have shown no evidence of global cytoskeletal responses2’: 234, Further, the inhibition of
strengthening in these and other related experiments by PAO implicates biochemical signaling as
a component of the response27: 28,

The proposed relationship between integrin-derived signaling and ligand clustering is
consistent with the two-state receptor binding model proposed in Chapter 7. Asthagiri et al.172
found that integrin activation of two intracellular signaling pathways was proportional to
integrin-ligand bond number on adsorbed fibronectin at early timepoints. Thus an increase in
bond number caused by increased ligand clustering could raise the level of integrin signaling
stimulated by the applied force at early times. Increases in total bond number can be explained
by the two-state binding model for integrin-ligand interactions, providing the link between
integrin signaling and cluster size. Physically, this model for the strengthening response consists
of 3 stages: 1) integrins are bound in aggregates by clustered ligand and receptor-crosslinking
within aggregates drives cluster size-dependent binding; 2) an integrin-based biochemical signal
is generated which depends on bond number, the extent of clustering, and the force transmitted

to the cell; and 3) cell-substrate connections are strengthened in response to integrin signaling.

Substrate rigidity in this model would affect the cell response by introducing a pre-stress
on the cytoskeleton. More rigid substrates would support a greater pre-stress, and thus the |
applied force required to “switch on” integrin signaling would be lowered: the entire S curve
would be shifted to lower forces. Substrate rigidity has been shown to play this role in

determining the stiffness of the cytoskeleton in previous experiments!4,
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10.4.2 Potential Roles for Force-Responsive Adhesion and
Integrin Signaling

What role could force-induced strengthening of cell adhesion play in vivo? The ability of the cell
to respond differentially to matrix rigidity or applied forces has consequences for many aspects
of cell function in development, wound healing, and pathology. For example, the ability of a cell
to generate traction through integrin-ECM contacts is a requirement for cell migration24. 26. 236,
Previous studies have pointed to the utility of a cell’s ability to respond to the rigidity of its
substrate in order to regulate cell migration27' *  Strengthening of cell-ECM linkages through
ligand clustering may be a mechanism to generate traction at the leading edge of cells™. Further,
fibroblasts cells both generate and respond to applied forces during contraction in wound
healing. Mechanical stresses are also known to have a profound influence on developing tissue
structure” . The observed adhesion behavior may thus serve as a “mechanotaxis” mechanism

for guiding tissue architecture during wound healing and development?7.

The control of ligand spatial distribution at the surface of cell-signaling biomaterials holds
promise for influencing the function of cells in contact with biomaterials in a manner mimicking
the in vivo roles for force-dependent adhesion proposed above. Control of cell adhesion strength
is of obvious importance for tissue engineéring, especially for devices implanted with cells
exposed to applied loads (e.g. cartilage or bone). Inappropriate cell attachment to scaffold
devices remains a problem with many tissue engineering approaches; clustering adhesion ligands
has been demonstrated here as a powerful means to increase the strength of cell adhesion. The
experiments on nanoscale clustered RGD by Maheshwari et al. have already demonstrated
dramatic effects of ligand clustering on cell migration”. Cell migration speed is directly

correlated with adhesion strength“' *: thus ligand clustering should also be a facile route to

214



manipulate cell migration speeds on biomaterial surfaces. Because integrins are implicated in
regulation of many cell functions, including cell growth and differentiation, control of ligand
clustering may be of further importance in many other aspects of cell behavior at surfaces. It
remains to be seen how ligand spatial distribution influences cell proliferation and

differentiation, but these important cell functions may be directly regulated by clustering as well.
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11 Conclusions and Future Work

11.1 A Clinically-Applicable Paradigm for Tethered Ligand Signaling

We have demonstrated the use of P(MMA-r-POEM) comb polymers to provide protein
resistance and tethered ligand presentation on biomaterials. The paradigm itself has been
suggested by many researchers as a means to truly predetermine cell functions on surfaces” """
*however, the current work represents the first example of such an approach produced in a
practical system that allows control of ligand spatial distribution through clustering. These
materials have been prepared in an economically and synthetically practical manner amenable to
synthesis and processing on an industrial scale. Furthermore, we have demonstrated how
biophysical control over ligand presentation at a surface (made possible by the use of a branched
polymer architecture) can be used to tailor cell function (in the current work, cell adhesion). The
present work represents the first use of molecular architecture to tailor ligand spatial distribution
in an clinically-relevant system. Nanoscale adhesion ligand clustering using this system has
been theoretically predicted to have strong effects on integrin binding; we have also

experimentally demonstrated significant effects on cell adhesion strength and the response of cell

to applied forces on clustered ligand surfaces.
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Preparation of comb polymer surfaces, either as comb polymer thin films, comb-stabilized
latex films, embedded latexes, or surface segregated blends provides extensive flexibility in the
use of this system for surface modifying biomaterials. In each of these approaches, the top
surface layer controls the properties of the polymer-water interface, and thus subsequent cell-
materials interactions. The proposed approach is applicable to a variety of device fabrication

schemes and materials, from permanent implant fixtures to resorbable cell scaffold devices.

We chose to develop our tethered ligand system using comb polymers due to their ease of
synthesis and readily manipulated physical properties. However, the key physicochemical
properties of such polymers should serve as a general guideline for the preparation of new cell-
signaling materials. The required characteristics are that the polymer is amphiphilic and that is
has a branched molecular architecture that allows the two segment types to be readily polarized
spatially (i.e. locally segregated into hydrophilic and hydrophobic units). Comb polymers
represent only one example of materials that can be designed with these structural
characteristics; star polymers, dendrimers, and multiblock copolymers may also be useful surface
modification agents. Further studies of this class of materials and the interactions of cells with
their surfaces may lead to the first clinical materials able to truly direct cell function at the tissue-

biomaterial interface.

11.2 Issues for future work

11.2.1 Mechanisms for clustered ligand effects

The Monte Carlo simulations of Chapter 7 showed that increases in effective receptor-ligand

binding affinity through nearest-neighbor interactions give rise to dramatic binding increases
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when ligand is immobilized at a surface in clusters. However, these simple models do not probe
how such affinity changes might occur. An important unresolved question is at what biophysical
level might clustering affinity changes occur? Experimental evidence exists for changes in
effective receptor affinity induced directly by ligand binding' *or due to changes induced by
proteins recruited to the site of ligation inside the membrane”. Understanding where and how
these effective affinity changes are controlled may shed light on which parameters are key for
controlling receptor binding and clustering, as well as how clustering may affect the synergistic
interactions between multiple signaling pathways (e.g. adhesion ligand and growth factor

signaling).

11.2.2 Force-Induced Adhesion Strengthening Studies

Several question remain unanswered from the studies carried out here of cell adhesion
strengths on clustered RGD or adsorbed fibronectin. First is whether the observed strengthening
response is definitively equivalent to the strengthening observed in laser trap microbead studies” .
Experiments demonstrating a change in the force response curves in the centrifugation assay in
the presence of the biochemical inhibitor PAO used by Choquet et al. in those studies would
support this hypothesis. Also of interest is what molecules within the cytosol control the
integrin-based signaling affected by ligand clustering. One potential regulator is the protein
calpain, a focal contact-localized protease that cleaves integrin-cytoskeletal linkages240-242,
Calpain can be selectively inhibited by calpain inhibitor I18%; experiments probing cell adhesion
strengths in the presence of this inhibitor might reveal this protease’s role in integrin signaling on
clustered ligands. Such experiments will be key in further illuminating this putative combined
biophysical/biochemical integrin signaling pathway and its importance in controlling cell

function.
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11.2.3 Fully Degradable Comb Polymer Systems

The comb polymers used in the current surface segregation studies are composed of water-
soluble PEO side chains anchored to a hydrophobic, non-degradable methacrylate backbone.
Degradation of PLA/comb polymer blends may leave residual comb polymer at the site of an
implant, whose influence on the inflammatory response to the device is unknown. Fully
resorbable comb polymers, comprised of a hydrolytically- or enzymatically-degradable backbone
might be desirable to improve the biocompatibility of PLA blend devices for tissue engineering.
Synthesis of poly(lactide)-backbone PEO-side chain comb polymer was attempted for this work,
but to date no reliable synthetic approach has been developed. Synthesis of PLA-backbone
copolymers with short grafted PEO side chains has been recently been reported by a route we
also examined, however, this approach leaves no means for functionalization of the chain ends of
the resulting copolymers. As an alternative to using PLA as the backbone component, other
hydrophobic degradable monomer units compatible with PLA might be useful; synthetic
approaches using degradable lactone and lactide-family monomers are of continued research

interest.

11.2.4 Comb Polymer Systems for Biophysical Separation of

Multiple ECM Signals

One exciting aspect of the comb polymer systems developed in this work not examined in the
current thesis is the ability of comb polymer surfaces or latex surfaces to present multiple ECM
ligands in a spatially-segregated manner. For example, as depicted in Figure 11.1, latexes
bearing two different ECM ligands might be embedded in protein-resistant comb polymer films.

The resulting surface would present segregated signaling domains comprised of one or the other
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ECM ligand. Such surfaces could be used to probe the effects of spatial distribution on the
synergistic signaling between, for example, integrins and growth factor receptors. Growth factor
receptors are known to co-localize at focal adhesions with integrin receptors ' the comb
polymer systems would provide a convenient means to control whether co-localization can occur

and examine the response of cells in the presence or absence of signal biophysical segregation.

Figure 11.1. Spatial segregation of multiple ECM signals using embedded latexes.
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12 Appendix A: Experimental Protocols
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12.1 P(MMA-r-POEM) Comb Polymer Synthesis

Reagents

(amounts represent a typical synthesis)

21 mL methyl methacrylate (MMA) = 19.7 g = 0.197 mol)

5.95 mL poly(oxyethylene glycol) methacrylate (POEM) (= 6.55 g = 0.0187 mol, M ~ 360
g/mol)

6.06 mL methoxy poly(oxyethylene glycol) methacrylate (MPOEM) (= 6.55 g = 0.0139 mol, M
~ 475 g/mol)

0.239 g azo(bis)isobutyronitrile (AIBN) (0.00146 mol)

500 mL tetrahydrofuran (THF)

2000 mL 8:1 vol:vol petroleum ether:methanol

20-50 mg 1-methoxyphenol

Apparatus

1000 mL reaction flask (round-bottom)
large oil bath at 70° C

large stirbar

stirring hotplate

retort stand

rubber septa

nitrogen tank

nitrogen hose with needle
vent needle

cold water condenser
disposable plastic syringes (2)

Prior to Synthesis

1. Dry reactor, stir bar, syringes, needles, cannicula, and reflux column in oven overnight.

Procedure

Remove glassware from oven.

Fill reactor with THF.

Inject MMA, POEM, and MPOEM into reactor while stirring at room temperature.
Dissolve AIBN in 1-5 mL of THF and add to reactor.

Seal reactor, attach condensor. Vent condensor with low-gauge needle.

Bubble reaction solution with N, for 20 minutes.

Immerse reactor with condensor in oil bath at 70° C.

Nowndks Wb =
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8. Continue reaction for 18h at 70° C with stirring.

9. Terminate reaction by the addition of 1-methoxyphenol.

10. Concentrate solution by rotoevaporation, and precipitate into 2000 mL pet
ether/methanol.

11. Redissolve in THF and reprecipitate in pet ether/methanol 1-2 times until product is
monomer-free.

12. Collect polymer and vacuum dry.

Theory

Figure 12.1 through Figure 12.3 depict the free radical initiation and polymerization of
methyl methacrylate and the poly(ethylene glycol)-based monomethacrylate monomers, as well
as potential side reactions with the azo(isobutyl nitrile) initiator. The poly(ethylene glycol)
methacrylate macromonomers are susceptible to transfer of radicals to the side chain leading to
crosslinked gels under conditions which favor chain transfer under certain conditions243. 244,
Thus reactions at high monomer concentration and high initiator concentration will lead to
crosslinked products. Exact conditions to avoid crosslinking vary with the lengths of the PEG
monomer side chains and the concentration of monomers and initiator used. The relative
reactivity of POEM monomers and MMA varies with the PEO chain length245, however, we
found in practice that compositions of copolymers generally matched the monomer feed ratio for
side chain lengths n = 5,6, or 9 ethylene oxide units.

Methoxyphenol terminates the free radical synthesis by scavenging radicals, which its
benzene ring stabilizes240,

CHy  CHy CH;
CHs-c-N—N—C-CH3 N CHy—C  +Ng
GGN N 5070 =N

Figure 12.1. AIBN Decomposition.

CH
CH, CH,=C _rs
| CH,=C
CHy—C + =0+ 2]
] CI) =0
C=N L ofcHeH, 0)x

—J CHs— CHZ- Hz
C=N Cf_-O
' o(cn?_cuzo)x '

Figure 12.2: Random copolymer synthesis. X is a methyl or hydroxyl group, depending on whether the
monomer is MPOEM or POEM.
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Figure 12.3: AIBN side reactions

224



12.2Comb Polymer Carboxylation

Reagents

8 g POMMA-1-POEM) = 4.0x10” mol -OH = 1X -OH groups
4 g succinic anhydride (10X)

0.048 mL. N-methylimidazole

200 mL anhydrous dichloroethane

Apparatus

500 mL round-bottom flask with septum and magnetic stir bar
reflux condensor
heating bath or mantle

Procedure

1. Mark 200 mL fill line on RB. Dry stir bar and RB flask in oven over night.

2. Remove RB from oven, quickly add stir bar, polymer, and succinic anhydride while flask is
still hot. Cap with rubber septum and purge nitrogen or argon until flask is cool.

3. Cannulate 200 mL of anhydrous dichloroethane into reactor.

4. With stirring, polymer will dissolve, but succinic anhydride remains suspended. Add N-
methylimidizole dropwise to stirring reactor; solution will become clear.

5. Uncap RB and quickly attach to condensor. Immerse in heating bath and reflux over night at

65-70° C.

Theory

Reaction of an anhydride with an alcohol is a basic chemistry reaction. The procedure
used is based on an example from the literature .
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12.3NHS-Activation of Carboxylated Comb Polymer

Apparatus and reagents are listed for a typical synthesis, using carboxylated comb polymer
prepared as in the protocol of section 12.2.

Reagents

4.75g carboxylated POIMMA-1-POEM) = 0.76 g POEM = 0.00211 mol -COOH = 1X
0.486g N-hydroxy succinimide (NHS) = 0.00422 mol = 2X

0.871g dicyclohexylcarbodiimide (DCC) = 0.00422 mol = 2X

50mL dichloroethane

50-100mL ethy!l acetate

1600-2000mL anhydrous ether

Apparatus

200mL round bottom flask with magnetic stir bar and rubber septum
stir plate

Funnel and filter paper

crystallization dish for precipitating polymer

Procedure

. Dry stir bar and RB flask in oven over night.
2 Remove RB from oven, quickly add stir bar while flask is still hot. Cap with rubber septum
and purge with nitrogen or argon until flask is cool.
3. Remove septum, quickly add NHS, comb polymer, and 45mL dichloroethane. Recap, and stir
while bubbling nitrogen 15 minutes.
4. Dissolve DCC in 5SmL dichloroethane and add via syringe dropwise to stirring comb polymer
solution.
5. Stir 24 hours at room temperature. Within 10 minutes, precipitation of dicyclohexylurea side
product begins.
6. Add 50mL ethyl acetate to bring polymer concentration to ~0.05 g/mL. Filter into 800-
1000mL stirring anhydrous ether (filter removes most of precipitated side product).
7. Decant ether and dry precipitated product 1 hour in vacuo at room temperature.
8. Redissolve at 0.05 g/mL in ethyl acetate, and precipitate again in 800-1000mL anyhydrous
ether.
9. Dry in vacuo, then aliquot 100mg of polymer into vials. Seal vials with parafilm and store at

-20°C.
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Approximate Yield: 50 wt%

Theory

Carbodiimides react with carboxyl groups to form amine-reactive intermediates.
However, these intermediates are unstable in water and hydrolyze on a timescale of seconds,
making the yields in coupling reactions of a carbodiimide-activated polymer and peptide very
low. Alternatively, good yields of peptide coupling can be obtained by activating carboxyl
groups with carbodiimide in the presence of the peptide, which will be immediately linked to the
activated carboxyl. However, this approach makes cross-linking of the peptide possible since the
carbodiimide present will activate both the polymer carboxyl groups and the carboxyl groups of
the peptide. To overcome this problem, N-hydroxy succinimide groups can be used to activate
the polymer carboxyls instead of carbodiimide. NHS is significantly more stable to hydrolysis in
water, having a half-life ~40 minutes. Here we use carbodiimide to activate the carboxy groups
in the presence of NHS, followed by immediate linkage of NHS to the carboxy group. The NHS
polymer can then be reacted with peptide in the presence of water with relatively high yields.
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12.4 Solution-Phase Coupling of GRGDSP and GRGDSPK to NHS-
Activated Comb Polymer

Apparatus and reagents are listed for a typical synthesis, using NHS-activated comb polymer
prepared as in the protocol of section 12.3. Degree of peptide functionalization of NHS-activated
polymers was controlled by increasing or decreasing the concentration of RGD added during this
reaction- the particular protocol shown was used for the preparation of C2-RGD3.

Reagents

2.5 mg GRGDSPK

2 mL PBS,pH 7.4

100 mg NHS-activated POMMA-r-POEM)

2 mL anhydrous dimethylformamide (DMF)
3 mL 50/50 vol/vol water/ethanol solution
[0.5 N KOH in methanol]

Apparatus

2 vials (5mL size) with magnetic stir bars
stir plate
3,500 g/mol-cutoff dialysis cassette (Pierce Chemical Co. Slide-a-lyzer)

Procedure

L. Dissolve GRGDSPK in PBS.

2. Dissolve comb polymer in DMF.

3. Chill solutions at 4°C 30 minutes while dissolving.

4. Add comb polymer solution to RGD solution dropwise by Pasteur pipette while stirring
RGD solution. Polymer will show some precipitation at first few drops added. As addition
continues, an emulsion is formed (solution turns milky- reaction takes place rapidly, with RGD-
modified comb emulsifying the mixture).

5. Allow reaction to continue with stirring at 4°C for 24 hours.

6. Pour milky solution onto a watch glass and evaporate solution under low/no heat.

7. Redissolve in 3mL water/ethanol. If polymer will not dissolve, add 0.5N KOH in
methanol (20 pL at a time) until RGD-comb dissolves (KOH makes a salt of the carboxy groups
and makes the polymer more soluble).
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8. Load RGD-comb solution into 3,500 MWCO dialysis cassette and dialyze 48 hours
against pure water/ethanol to remove unreacted RGD and hydrolyzed NHS.

9. Unload solution from cassette and evaporate solvent to recover RGD-comb polymer
product.

Theory

NHS-activated carboxyl groups react with the N-terminal amines of the peptide to form
an amide covalent bond. NHS has a half-life in water at pH 7.4 of ~40 minutes, which is further
increased in this reaction by using a water/organic solvent mixture. Note that the amines of the
lysine side chain in GRGDSPK peptides are much less reactive than the N-terminus and do not
lead to appreciable product (Pierce Chemical Co.).
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12.5Tresyl Chloride-Activation of Comb Polymer

Reagents

150 mg PMMA-r-POEM)

25 ml distilled or anhydrous toluene

200 ul distilled triethylamine

250 mg 2,2,2-trifluoroethanesulfonyl chloride (tresyl chloride)

50 ml dry, septum-sealed, nitrogen-purged round bottom flask with magnetic stir bar
magnetic stir plate

0.2 pum large-capacity syringe filter

500-700 ml petroleum ether

Procedure

1. Mark 25 ml fill line on round bottom flask. Dry copolymer in round bottom flask with stir

bar overnight under low heat (50-70° C) in vacuo.

Cap round bottom flask and purge with nitrogen until cool.

Chill distilled TEA and tresyl chloride at 5° C.

Add toluene to flask by cannula, and stir to dissolve copolymer. Cool to 5° C.

Add TEA at 5° C, allow 10 minutes to equilibrate.

Add tresyl chloride, stir at 5° C 3 hours. On addition of tresyl chloride, HCI vapor will be

seen over the solution inside the flask and the solution will become immediately cloudy on

formation of TEA salts. ,

7. Centrifuge reaction mixture 15 minutes at 3400 rpm to remove bulk of salts.

8. Load solution into syringe and filter mixture into vigorously stirring petroleum ether to
remove salts and separate polymer from unreacted TEA/tresyl chloride.

9. Decant petroleum ether and dry recovered copolymer in vacuo.

10. Store tresylated copolymer in vacuo at room temperature until use to prevent loss of activity
due to hydrolysis.

kW
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12.6 Solution-Phase Coupling of GRGDSP to Tresyl-Activated Comb

Polymer

Reagents

100 mg tresylated P(MMA-r-POEM)

5 mL anhydrous tetrahydrofuran

0.5 mL GRGDSP (1 mg/mL in PBS)

3 mL 50/50 vol/vol water/ethanol

2000 mL 50/50 vol/vol water/ethanol bath

Apparatus

Stir/hot plate
10 mL vial with cap and magnetic stir bar
3.5K MWCO dialysis cassette (Pierce Chemical Co., Slide-A-Lyzer™)

Procedure

1. Dissolve tresylated comb polymer in THF at 4°C with stirring. Chill GRGDSP solution
at 4°C.

Add GRGDSP solution dropwise to stirring comb polymer solution at 4°C.,

Continue stirring at 4°C 3 hours.

Evaporate solvent in fume hood under low heat (30-40°C).

Redissolve functionalized comb polymer in water/ethanol. Inject into dialysis cassette
and dialyze against pure water/ethanol 2-3 days.

Recover product by removing solution from dialysis cassette and evaporating solvent
under low heat (30-40°C) in fume hood.

Nk wh

o

Theory

Tresyl chloride-acitvated hydroxyl groups react with amines to provide covalent amide

linkageslss. The yield of reactions carried out in aqueous solution is limited by the competition
between coupling and hydrolysis of the labile tresylate group. By reacting in a THF/water
mixture, the hydrolysis reaction should be significantly depressed.
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12.7 Comb Polymer-Stabilized Latex Synthesis

Reagents (Protocol for synthesis of PMMA latex)

1.3 g POMMA-1-POEM) comb polymer
50 mL 50/50 vol/vol water/ethyl alcohol
0.57 g ammonium persulfate

5.3 mL methyl methacrylate

Apparatus

100 mL conical flask with magnetic stir bar and rubber septum
stirring/hot plate

Procedure

Dissolve comb polymer in water/alcohol media.

Add methyl methacrylate and ammonium persulfate.

Degas by bubbling nitrogen with stirring for 20 minutes.

Initiate polymerization by immersing flask with stirring in oil bath thermostated at 60°C.
Dispersion will become milky typically within 30 minutes.

Allow polymerization to proceed 16-20 hours, then remove from oil bath.

Purify unreacted stabilizer and monomer by centrifuging the suspension, decanting
supernatant, and resuspending in water/ethanol via sonication. Repeat 5-6 times to fully
remove unreacted reagents.

Ll adi Al

oW

Theory

Dispersion polymerization is used for the preparation of microspheres of a variety of
77, 87-89, 247

polymers in both aqueous and organic media . This method of polymerization is

distinguished from emulsion polymerization as it begins as a homogeneous single phase and
83

becomes two phase only after polymerization has begun .

232



12.8 Anthracenemethyl methacrylate monomer synthesis

Reagents

2 g (0.0096 mol) 9-anthracenemethanol (M = 208.3 g/mol, Aldrich)
1.03 mL (0.011 mol, 1.1X excess) methacryloyl chloride (M = 104.5 g/mol, p = 1.070 g/mL,

Aldrich)

1.53 mL (0.011 mol, 1.1X excess) distilled triethylamine (M = 101.2 g/mol, p = 0.726 g/mL,

Aldrich)

50 mL distilled tetrahydrofuran (Aldrich)
methylene chloride

2% aqueous sodium hydroxide
deionized water

anhydrous sodium sulfate

Apparatus

Ice bath chilled with sodium chloride

100 mL round-bottom flask with magnetic stir bar and rubber septum
stir plate

2 2-mL glass syringes with needles

filter paper

funnel

conical flask for washes

Prior to Synthesis

Ll e

Dry flasks, stir bars, syringes, and needles in oven.
Distill THF.

Distill triethylamine.

Equilibrate ice bath at 0° C.

Synthesis

1.

Add anthracenemethanol to hot RB containing stir bar, seal, and purge with dry nitrogen until
cool.
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Cannulate dry THF to RB, cool on ice bath.

Add triethylamine.

Add methacryloyl chloride slowly with stirring, react 2 hours at 0° C.
Allow to continue overnight at room temperature.

Filter mixture.

Evaporate solvent, redissolve in methylene chloride.

Wash with 2% aqueous NaOH.

Wash with several fractions of DI water until pH of aqueous phase remains neutral.
10 Dry organic fraction over sodium sulfate.

11. Decant solution through filter, concentrate by rotoevaporator.

12. Store product at 4° C.

00 NN R W

Theory

This procedure is a modification of the Schotten Bauman scheme for preparation of
acrylic derivatives under mild conditions which will not polymerize the vinyl group.
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12.9CyQUANT cell number assay

Reagents (sufficient for 18 12-well plate samples)

CyQUANT cell proliferation assay kit (Molecular Probes, C-7026):
0.925 mL Cell lysis buffer (20X)
92 uL GR dye (400X in DMSO)' (200X)

17.5 mL Deionized water

Apparatus

50 mL PP centrifuge tube wrapped in aluminum foil
96-well fluorescence plate

Prior to Assay

5. Aliquot media+cells plated during experiment into 3 Eppendorf tubes to prepare cell
standards. Centrifuge tubes 5 minutes at 10,000 rpm, aspirate media, and freeze tubes at -70°
C.

6. At the completion of cell culture experiment, aspirate media, wash samples 1X with PBS,
and freeze at -70° C.

Procedure

13. Thaw frozen cell standards and samples. Thaw cyquant reagents, protected from light.

14. Wrap GR dye in aluminum foil to avoid light damage. Keep all plates and samples
containing the cyquant solution during preparation covered to avoid light degradation.

15. Prepare cyquant solution by adding cell lysis buffer and dye to deionized water in centrifuge
tube. Vortex tube 1 minute to mix.

16. Resuspend each cell standard in 600 pL cyquant solution. Vortex tubes briefly.

17. Add 650 puL cyquant solution to each well of samples.

18. Add cyquant solution and cell standard suspensions to wells of 96-well plate according to the
following amounts:

' Molecular Probes recommends the use of double gloves when working with this reagent, as it binds nucleic acids it
should be treated as a potential mutagen. In addition, DMSO is known to facilitate the entry of organic molecules
into tissues.
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uL cyquant solution uL cell suspension

200 0
195 5
190 10
175 25
150 50
100 100
50 150
0 200

19. Add 200 mL of solution from samples to each of 3 wells on 96-well plate.

20. Read fluorescence emission of samples at 520 nm with excitation at 480 nm.

21. Find best-fit line for fluorescence of standards vs. known cell number, use this equation to
calculate cell number from fluorescence of unknown samples.

Theory

This assay provides a convenient measure of the density of cells present in a culture,
providing a linear detection range of ~50 to 50,000 cells in a 200 puL volume®. Increasing the
dye concentration in the assay increases the linear working range to 250,000 cells. The assay is
based on the use of a proprietary dye which exhibits strong fluorescence enhancement when
bound to nucleic acids. Applying the dye to lysed cells, the fluorescence of the sample is
directly proportional to the number of cells present in the sample.
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12.10Centrifugation Cell Adhesion Strength Assay

Reagents

WTNRG6 fibroblasts cell line

Serum-free NR6 media

NR6 assay media:
MEM-a with HEPES (25 mM)
1 mg/mL bovine serum albumin
1% dialyzed fetal bovine serum
penicillin (100 U/mL)
streptomycin (200 mg/mL)
non-essential amino acids (1 mM)
sodium pyruvate (1 mM)
glutamine (2 mM)

G418 (350 pg/mL)
Polymer surfaces to be tested cast in 96-well TCPS plates, including 1g control samples.

Apparatus

Incubator at 37°C, 5% CO,
Sorvall temperature-controlled centrifuge

Prior to Assay

1. Prepare polymer surfaces in 96-well plate. Cast comb/RGD-comb samples by preparing
0.002 g/mL solutions of polymer in 50/50 vol/vol water/ethanol. Cast surfaces by adding 10
uL solution to each sample well, covering and allowing to dry in air 5 hours, followed by
drying in vacuo at room temperature over night. Cast 3 samples of each surface in wells of 7
plates, to allow 7 different centrifugal forces to be tested. In addition, cast 6 samples of
control surface in a separate plate to be inverted at 1g.

2. Prepare serum-free and assay media.
3. Bring WTNRG6 cells to confluence.
Procedure

1. Add 100 pL serum-free media to each sample well.

2. Passage WTNRGO cells and seed 5,000 cells/well in 100 pL serum-free media (total volume in
each well 200 pL).

Allow cells to attach under serum-free conditions 12 hours at 37°C and 5% CO,.

4. Aspirate media and add 200 gL assay media. Incubate 8 hours.

hat
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5. Top up all sample wells with assay media.
6. Seal wells of plate with sealing film.
7. Centrifuge plates at 37°C 10 minutes: one plate each at 100g, 200g, 400g, 600g, 800g,

1000g, and 1510g.
8. Invert sealed 1g control plate 10 minutes.

9. Unseal plates, aspirate media, rinse 1X with PBS, aspirate, and freeze plates at -70°C.
10. Assay cell number on each surface by CyQuant assay. Normalize cell number from different
experiments by comparing number cells attached to 1g controls in each experiment.

Theory

This assay was first developed by McClay et al.” to measure the strength of cell
adhesion to substrates.
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13 Appendix B: Self-Consistent Field Theory

13.1Model Equations

Self-Consistent Field (SCF) calculations were made for a model of the blend system

M1 In this lattice model,

under investigation using the basic method of Scheutjens and Fleer
polymer chains having N units are represented as segments occupying sites of the lattice, with
connectivity of the chain maintained by the restriction that adjacent segments of the chain

occupy neighboring sites. Concentration profiles are assumed to vary only perpendicular to the

substrate. The concentration of segments within a given layer (denoted by its z coordinate) is

determined by a potential Uz):

U (2)=U' @)+, 2ukTI< §,(2) > ~¢] (Eqn 13.1)

where U’(z) is a “hard core” potential fulfilling the condition of incompressibility, ), is
the Flory-Huggins interaction parameter, <¢@(z)> is the average volume fraction of J-type
segments adjacent to site (z), and ¢Jb is the bulk volume fraction of J segments. (The convention

used in this notation is capital subscripts refer to “chemical” types of segments present in the
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system and lower case subscripts refer to molecule types.) <¢(x,z)> is where the mean field

approximation is made:

<@,(z) >=0,(2)+ A48, (z-D+ A48, (z+]) (Eqn 13.2)

where A, is the fraction of nearest neighbors in the same layer, and A, is the fraction of
nearest neighbors at z-1 or z+1. a particular direction. For a hexagonal lattice, A, = 6/8 and A, =
2/8. The potential Uf(x,z) is related to a Boltzmann factor for the occupation of the lattice site by

a given segment type I by

G,(z)=e V'O (Eqn 13.3)

This Boltzmann factor represents the probability of a free segment being located on the
lattice site. For the probability of the sth segment of type I of the polymer chain to be located in
layer z of the lattice, the free segment statistical weight of (Eqn 14.3) must be multiplied by the
probabilities that the statistical walk of the chain from the initial and terminal free ends reaches
the particular site of interest in s steps and (N-s) steps, respectively. To calculate the statistical
weight of s-step random walks from any lattice site (z’) from the end of the polymer chain, we
start with the statistical weight G,(z) of the free end located at (z). We then calculate the
statistical weight of the next segment lying adjacent to that site (connectivity requires that the

next step of the random walk lie in an adjacent site):

<G, ;(x,2)>= 4G, (D) + 4G, ;(z+ D+ 4G, ,(z-1) (Eqn 13.4)

for all (x,z). Now the statistical weight for the second segment at each site is the free

segment probability (Eqn 14.3) multiplied by the probability that the end segment is in an
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adjacent site (Eqn 14.4). Equations (14.3) and (14.4) are recursively repeated to calculate the
statistical weight for the location of each segment of the chain.
The concentration of the sth type I segments of all the polymer chains in the system

within a particular lattice layer (z) is given by:

b
¢,,(2) =%’G, (z,5le,....e,) (Eqn 13.5)

where ¢, is the bulk concentration of the type I segments and G,(zsle ,...,e.) is the
normalized probability that segment s lies in layer (z) given that the other n chain ends of the
polymer may be anywhere in the system. The total polymer concentration in each layer is
obtained by summing over all segments of all the polymer chains in the system.

The equilibrium distribution of segments for the system must be obtained in a self-
consistent manner, as the concentration of segments depends on the potential Uxz) and the
potential is in turn determined by the segment concentrations. The solution is found by iterating
from some starting guess for the potential toward a potential and concentration distribution that
are self-consistent, subject to the constraint of incompressibility (The sum of the volume
fractions from each type of monomer in the system at each lattice site must be one). The part of

the potential that fulfills the requirement of incompressibility is given by:

U,(z)-U
a,(z) = (ZLT — Z 2w % (Eqn 13.6)
K

where the capital subscripts refer to a particular segment type and U™ is given by:

KT “~N.

i i

U ¢, 1 b b ,
Z +_2'ZIJK¢J¢K "21/]¢1 (Egn 13.7)
J.K !
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where y;, is the Flory-Huggins interaction parameter!4%, defined in the usual manner as:

W, + 0,
X, = i{wv -E—E—L)} (Eqn 13.8)

where z is the lattice coordination number and @, is the interaction energy of i with j per
segment. In this model dependencies of , on molecular weight of the molecules or
concentratiqn of the chemical species are neglected. Note that in calculations of polymer blends
in contact with a hard wall surface, we follow Evers et al.14! in defining the interactions of each
component with the surface separately, e.g. for a binary blend the parameters are ), and y for
the interaction of A or B segments with the surface, respectively. These parameters are related to
the adsorption energy difference y 115 141:

xs = UA/KT — up/kT = -Ay()as — XBs) (Eqn 13.9)

where y; is the adsorption energy per segment of component .
At equilibrium, the Lagrange multipliers o(z) must all have the same value (i.e. the

potential is self-consistent with the volume fraction of all components at all lattice sites,) and the

volume fraction of all components at each site must sum to 1. We can define a function

¢,’,1 (2)

i

(= Zfﬁ,», (2) --2—:——1——+a, (2)-a (Eqn 13.10)

where o = Yo(z)/Z 1. Equilibrium is found when f{z) = O for all components at all sites.
Practically speaking, convergence is taken as f < 1x10”. This minimum in f with respect to the
potential and component volume fractions is found using standard numerical methods such as

discussed by Dennis!47.
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