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Abstract

Many cell types are known to respond to the stiffness of polymeric biomaterial
substrates. However, the mechanism by which cells sense this stiffness is still under
investigation. Cell response to a material is believed to be mediated by the composition
and/or configuration of the protein layers that adsorb to the biomaterial surfaces prior to
cell contact. It is, therefore, hypothesized that polymer stiffness, and specifically, the
flexibility of the polymer chains at the polymer-aqueous interface, affects the composition
and configuration of the adsorbed protein layer, which is responsible for influencing cell
response. In this thesis, two biomaterials known to induce stiffness dependent cell
responses are used as model systems to determine whether polymer chain flexibility
influences cell behavior via differences in the protein adsorption. The first is an elastomer
formed from an acrylated star-poly(D,L-lactide-co-e-caprolactone) (ELAS) which has
been shown to support higher NIH3T3 fibroblast proliferation on a less stiff version of the
elastomer despite minimal differences in surface chemistry. The second is
poly(trimethylene carbonate) (PTMC) which has been shown to degrade in vivo via
macrophage mediated erosion at molecular weights higher than 100 kg/mol, but does not
degrade at molecular weights of less than 70 kg/mol, despite no difference in surface
chemistry. Quantity and viscoelastic properties of protein layers adsorbed from individual
solutions of albumin, immunoglobulin G, fibronectin and vitronectin, as well as fetal serum
and adult plasma supplemented environments were compared on different stiffnesses of
these materials to determine whether polymer chain flexibility affects protein adsorption.
Polymer stiffness was found to affect quantity and conformation of individually adsorbed

protein layers as well as the composition of protein layers adsorbed from serum and plasma



supplemented media. Surface adsorbed fetuin A and vitronectin were identified and
proposed to be responsible for influencing fibroblast proliferation and macrophage
behavior, respectively. It was concluded that the flexibility of the polymer chains at the
polymer-aqueous interface affects the arrangement of water molecules at the interface and
alters the entropic gain associated with protein adsorption, thus favoring the adsorption of
different types and adsorbed conformation of proteins which influences the subsequent cell

response to the biomaterial.
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Chapter 1

Introduction

1.1 The Research Problem — Cell Response to Material Stiffness

Biodegradable, elastomeric polymers are currently being investigated as materials for
tissue engineering scaffolds. They are considered promising materials for this purpose due to
their chemical and mechanical properties, which can be modified to approximate those of many
soft tissues [1,2]. A functional biomaterial scaffold should provide structural support (if
needed) at the site of injury while supporting cellular growth, minimizing inflammation, and
directing cellular behavior towards healing and restoring natural function to the injured site
[3]. Therefore, the investigation of the chemical and mechanical properties of biomaterial
polymers with respect to their ability to direct cellular response is the subject of continued
study.

The behavior of many types of cells including tissue cells [4], monocytes/macrophages
[5-8], and stem cells [9] is known to depend on the stiffness of the substrate on which they are
grown [10], despite minimal differences in surface chemistry affected by properties such as
crosslink density or crystallinity. Such behaviors include differences in attachment [4] and
proliferation [11], cytoskeleton organization [12], motility [13], and differentiation [9]. The
means by which cells sense and/or respond to material stiffness, however, is still under

investigation.



Cellular behavior in response to an implanted biomaterial is believed to be influenced
by the proteins that adsorb to the biomaterial surface [14,15]. Protein adsorption is considered
to be the first biological event that occurs after biomaterial implantation, reaching equilibrium
before cells make contact with the implant and effectively “shielding” the material from direct
cellular interaction [16]. The composition and configuration of the adsorbed protein layer is,
in turn, influenced by the surface properties of the biomaterial [17,18], which impacts which
proteins adsorb to the surface and their respective conformations and effectively, the surface
to which the cells respond [14].

Since material stiffness is able to influence cellular response, and cellular response is
believed to be mediated by the adsorbed protein layer, the central hypothesis of this thesis is
that material stiffness, itself, influences the composition or configuration of the adsorbed
protein layer. There are few studies that investigate the connection between polymer stiffness
and protein adsorption, or possible mechanisms therein, primarily due to the challenge of
fabricating materials of varying stiffness while still maintaining similar surface chemistries. A
better understanding of how material stiffness affects protein adsorption and subsequent cell
behavior may allow for the design or modification of biomaterials to better direct cellular

behavior, tissue integration and healing.

1.2 Biomaterial-Cell Interactions

1.2.1 Tissue Cell Attachment Mechanisms

Most tissue cells (e.g. fibroblasts, smooth muscle cells, etc.) are anchorage dependent

and require secure attachment to their substrate in order to live, proliferate and function [10].
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Tissue cells attach to biomaterial substrates primarily via integrin binding mechanisms [11].
Integrins are heterodimeric transmembrane receptors found in cells, which bind to specific
peptide sequences found in proteins that comprise the extracellular matrix (ECM) (e.g.
fibronectin, laminin) [19]. Integrins function synergistically with syndecans, cell membrane
receptors that possess long glycosaminoglycan chains that act as receptors for both ECM
proteins and growth factors [20]. The binding of multiple integrin attachments triggers a
signaling cascade, which induces the formation of focal adhesions [21], large attachment
structures capable of mechanotransduction between the ECM and the cell [22]. Beyond
integrins, cells also possess other membrane receptors that bind to ECM proteins and regulate
cell adhesion and signaling such as collagen receptors (discoidin domain receptors) [23],
laminin receptors [24], and annexins [25].

Surfaces of implanted biomaterials, however, usually possess no such peptide
sequences until proteins adsorb from the surrounding environment (plasma, serum
supplemented media, and so on). Specifically, cellular attachment to biomaterials is believed
to be mediated by the quantity of adsorbed proteins that contain sequences for integrin binding,
such as fibrinogen, fibronectin and vitronectin [19]. Because integrins attach to specific peptide
sequences within these adsorbed proteins, proteins must be adsorbed to surfaces in
conformations such that their integrin binding peptide sequences are exposed and available to
the receptors of an approaching cell [26]. Materials that adsorb very little protein (e.g.
polyethylene glycol (PEG)) are known to resist cell attachment and induce a muted biological

response [24].



1.2.2 Monocyte/macrophage Adhesion and Activation

Macrophages are white blood cells that form part of the innate immune system.
Macrophages are primarily derived from monocytes which circulate in the blood before
migrating into surrounding tissues in response to inflammatory signals where they differentiate
into macrophages [27], though some macrophages reside permanently in various tissues
including the liver, lung, spleen and bone marrow [28]. Macrophages fulfill multiple functions;
classically activated macrophages (M1) are phagocytic cells whose function is to engulf and
destroy particulates (e.g. microbes, cellular debris, biomaterials), whereas alternatively
activated macrophages (M2) are associated with wound healing and tissue remodeling [29].
Macrophages may be classically activated by stimulant molecules such as lipopolysaccharide
(LPS), found in the membrane of gram negative bacteria, [30] or by the complement activation
pathway, where particulate surfaces are opsonized by complement or immunoglobulin
molecules, inducing a phagocytotic response from the macrophages [31]. The macrophages
then degrade the engulfed particles by secreting reactive oxygen species (ROS) and
degradative enzymes [29]. When an implanted material is too large for a macrophage to engulf,
frustrated phagocytosis occurs; adherent macrophages may fuse into foreign body giant cells
(FBGC) [27] and release degradative species into the space between the cell membrane and
the material [32] in an attempt to degrade the material.

Monocytes/macrophage response to biomaterials is believed to be mediated by proteins
adsorbed to the biomaterial surface, which may affect monocyte adhesion and differentiation
[33]. Monocyte/macrophage adhesion to biomaterials is mediated by integrins (e.g. Mac-1)
and Fc receptors [34], which bind to adsorbed fibronectin, complement C3 and

immunoglobulins [27]. Evidence of macrophage activation including chemokine secretion [35]
4



and FBGC formation [36] have been shown to differ based on the type and conformation [37]

of the protein present on the material surface.

1.3 Protein Adsorption to Polymeric Biomaterial Surfaces

1.3.1 The Polymer-Water Interface

The first event after implantation of a polymeric biomaterial into an aqueous
environment (i.e. in vivo or in vitro culture), is the adsorption and absorption of water
molecules onto and into the material surface [14]. Due to the continuous mobility of polymer
chains at the surface, water both adsorbs to and around the chains forming an interphase region
at the biomaterial surface, hypothesized by Vogler to be “comprised of continuously changing
component concentrations” and “a zone of solute/solvent enrichment near to but not bound to
the surface” [38] (Figure 1.1).

The organization of the water molecules within this interphase region depends on both
the presence of hydrophilic functionalities within the polymer structure and the flexibility of
the polymer chains. If numerous functional groups capable of forming hydrogen bonds exist
and the polymer has flexible polymer chains, as is the case with PEG, water molecules will
form strong bonds with the polymer chains, and the polymer chains will possess a high
mobility and extend far into the aqueous medium [39]. Highly hydrophilic crosslinked
materials such as PEG will form hydrogels, where water molecules penetrate the material and
associate with the polymer chains throughout the bulk of the material. Hydrophobic polymers

have fewer hydrophilic functionalities. Therefore, fewer water molecules will directly
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Figure 1.1: Differences in polymer stiffness and polymer chain flexibility may affect the organization of
water molecules at the polymer-aqueous interface. Differences in water molecule organization affect the
release of water molecules as a protein adsorbs.

associate with the polymer chains and the depth of water penetration at the surface will be
shallow. However, if the polymer chains are mobile (i.e. the material is above its glass
transition temperature) there will exist some region at the material-aqueous interface where
polymer chains protrude into the aqueous media and water molecules will penetrate the
polymer surface, forming a super-hydrated zone. Even very hydrophobic surfaces such as
poly(dimethyl siloxane) (PDMS) [40] have been shown to adsorb some water in aqueous
environments. Similarly, crosslinked or semi-crystalline materials will have lower polymer
chain mobility’s when compared with the same material when it is uncrosslinked. The

crosslinks/crystals effectively either covalently or physically bind polymer chains to each other



and restrict the polymer chain’s movement at the crosslink/crystal site. However, the polymer
chains at the interface between such crosslinks will still protrude into the aqueous media, and

develop an interphase, superhydrated layer.

1.3.2 Protein Adsorption

The formation of the biomaterial-water surface interphase region may influence protein
adsorption from the surrounding environment to the biomaterial surface [41]. Protein
adsorption is primarily an entropically driven phenomenon [18]. The adsorption of protein at
the biomaterial-water interface displaces water molecules both bound to the protein and present
at the biomaterial surface, thereby increasing the entropy of the system. Hydrophilic polymers,
which tend to form strong hydrogen bonds with water molecules (e.g. PEG, hydrogels), also
resist protein adsorption due to the unfavorable energy penalty of breaking the hydrogen bonds
and freeing the bound water [16].

Proteins are amphiphilic, asymmetrical molecules. In aqueous solution, they exist in a
roughly globular shape in which the protein’s hydrophilic sections are exposed to the aqueous
environment and its hydrophobic sections are concealed within the center of the structure. As
a protein approaches a surface it may unfold and adsorb in a particular orientation or
conformation that depends on the potential entropy gain and reduction in interfacial energy at
the polymer-water interface [18]. In systems where the environment is comprised of multiple
proteins, such as in vivo or in a serum or plasma supplemented in vitro culture, proteins will
adsorb and rearrange/replace each other as described by the Vroman effect [17,42]. The first
proteins to arrive at the biomaterial surface are highly abundant proteins and small proteins

that diffuse to the surface quickly. These proteins are later replaced by larger, slower diffusing
7



proteins that have greater affinity for the surface and which resist replacement. After
equilibrium is reached, the material surface is covered with a layer of multiple types,
orientations and conformations of proteins.

The affinity that a protein has for and the conformation in which the protein will adsorb
to a biomaterial surface is influenced by the chemical and mechanical properties of the
biomaterial. In general, hydrophobic surfaces adsorb more proteins than hydrophilic surfaces,
due to both a favorable decrease in the interfacial energy of a biomaterial during protein
adsorption and because the water molecules associated with a hydrophobic surface are easier
to displace [14]. Additionally, because the driving force for protein adsorption is the release of
bound water from the superhydrated interphase region, any material properties that affect the
arrangement of the water molecules at the polymer-aqueous interface could potentially affect

a protein’s affinity for the surface and the preferred adsorbed conformation of that protein.

1.4 Material Stiffness, Protein Adsorption and Cell Response

Cells are known to respond to the stiffness of polymeric biomaterial substrates. Because
protein adsorption occurs before cell attachment and response, cells are thought to be
responding to the protein layer that is adsorbed to the material surface. Therefore, if material
stiffness is capable of affecting cell response, either cells are able to perceive the stiffness of
the material directly via force transduction transmitted through the protein layer, or the cells
do not perceive “stiffness” of the material at all, rather material stiffness, or rather, the polymer
chain flexibility at the material surface, impacts the composition/configuration of the adsorbed
protein layer to which the cells subsequently respond. Due to the complicated nature of cell-

8



protein and cell-material interactions, cell response to material stiffness may be driven by a
combination of these mechanisms.

Few studies have examined the impact of polymer stiffness or polymer chain
flexibility/mobility on protein adsorption. This is due partly to the challenge of isolating
stiffness as a material property without modifying the other surface properties of the materials.
An examination of how polymer stiffness impacts protein adsorption and subsequent cell
behavior would improve the understanding of cell responses to biomaterial properties and

could lead to future methods able to influence cell behavior with polymeric biomaterials.



Chapter 2

Literature Review

2.1 Introduction

The mechanical properties of the underlying substrate upon which cells are grown have
been shown to influence cell behaviors including adhesion [21,43], spreading [4,44],
cytoskeleton organization [45,46] and stiffness [47], differentiation [48], and migration [13],
and is therefore, an important parameter to be considered in the design of new biomaterials. In
vivo, cells are attached directly to peptide sequences found in the proteins that comprise the
surrounding extracellular matrix primarily via integrins [10,22], heterodimeric cell surface
receptors that are connected to the cytoskeleton of the cell and serve as mechanotransducers.
Cells then probe matrix stiffness by applying traction forces to their substrates via cytoskeleton
contractility. The resistance of the substrate to the applied force is transmitted back the cell via
the integrin attachments, which stimulates a cascade of chemical reactions that determines
cellular response [49].

Cells also respond to the stiffness of synthetic biomaterial substrates. Unlike native
extracellular matrix, synthetic biomaterial surfaces may not include peptide sequences to
which integrins and other attachment receptors may bind. Furthermore, synthetic biomaterials
are prone to protein adsorption at their surfaces, which shields the biomaterial surface from
direct contact with the cells [14]. Finally, even if cells are able to adhere strongly to the
biomaterial, the stiffness of many biomaterials is beyond that which a cell can generate to probe
the surface [50]. For this reason, it has been hypothesized that cells may sense and interpret
the stiffness of biomaterial substrates by a different mechanism than they do native

10



extracellular matrix [10]. However, this mechanism is currently under investigation, and has
generated two possible explanations: 1) that, as with native extracellular matrix, cells sense
stiffness directly by applying force to their substrates, and 2) that cells do not sense biomaterial
stiffness directly, but rather are responding to stiffness via some intermediate, usually thought
to be an adsorbed protein layer. More specifically, biomaterial stiffness influences the
characteristics of the protein layer adsorbed to the substrate surface which then are responsible
for influencing cellular response [16]. It is also possible that cells are able to respond to
material stiffness via both of these mechanisms; which mechanism dominates likely depends

on the nature of the biomaterial substrate.

2.2 Mechanisms By Which Cells Sense Biomaterial Stiffness

2.2.1 Sensing of Biomaterial Stiffness via Direct Attachment

In general, cells strengthen their attachment structures and applied traction forces in
response to stiff surfaces. Integrin clustering [51,52], focal adhesion formation [21],
cytoskeleton organization [53,54], strengthening of integrin-cytoskeleton connections [46] and
strength of applied traction force [13,45,50] have all been found to be influenced by substrate
stiffness. Additionally, many cell responses [9,55] to substrate stiffness as well as stiffness
induced signaling pathways [56,57] suggest that cells are able to directly and accurately
determine the stiffness of their substrates. A table reviewing the responses of various cell types
to ECM-like substrates of different stiffness is found in Levental, et al., 2007 [58].

Famously, mesenchymal stem cells (MSCs), which can differentiate into neurons,

myocytes or osteoblasts, expressed markers belonging to cells from “stiffer” tissues when
11



grown on stiffer matrices [9,59]. Fibroblasts grown on fibronectin coated polyacrylamide gels
of varying stiffnesses adjust their area and cytoskeletal stiffness according to the stiffness of
the substrate on which they are grown [55]. Cell area and cytoskeleton stiffness were closely
correlated with substrate stiffness, with the stiffness of the cell’s cytoskeleton always
remaining slightly below the stiffness of the substrate.

Cells maintain a basal level of tension on their substrates, constantly probing substrate
stiffness [56] and are believed to sense substrate stiffness through an “inside-outside-in”
feedback process [49]. The cell forms integrin attachments/focal adhesions and uses the
contractility of its cytoskeleton to apply traction forces to its substrate [10]. Substrate resistance
mediates signaling processes within the cell [11,52] and results in the cell reorganizing its focal
adhesions and cytoskeleton, which increases the traction forces the cell generates on a
substrate. It is possible that this feedback mechanism exists to prevent cells from tearing and
damaging their substrate.

Cells clearly possess the ability and sensitivity to attach and directly sense the stiffness
of some biomaterials as they do with extracellular matrix. However, a cell’s ability to sense a
biomaterial’s surface is limited by the availability/adhesion of integrin binding sites and the
strength of the traction forces that the cell can exert on the biomaterial. Cells grown on
materials with no or poorly attached integrin binding sites cannot form strong focal adhesions,
or the cells may remove the integrin binding sites during probing [50]. Materials of stiffness
beyond what a cell can probe (approximately 20 kPa [50]) may be only sensed as “stiff”
surfaces, and the cells will not be able to discriminate between materials stiffer than that

maximum [60].
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With these specifications in mind, in order for a cell to be able to sense the stiffness of
a biomaterial directly, the biomaterial must possess covalently (or otherwise strongly) attached
integrin binding peptide sequences and the modulus of the substrate must be in the range that
cells can probe. A low modulus and high availability of integrin binding sites are common in
hydrogel biomaterials that utilize native extracellular matrix (e.g. collagen gels or coatings) or
that graft integrin binding sequences to synthetic gels [61-63]. However, they are uncommon
in more hydrophobic, non-hydrogel biomaterials (e.g. poly(lactide-co-glycolide) (PLGA)).
Both of these issues limit the mechanism by which cells can sense the stiffness of these

biomaterials.

2.2.2 Sensing Stiffness via the Adsorbed Protein Layer

Synthetic biodegradable polymers (poly(trimethylene carbonate) (PTMC), PLGA,
poly(e-caprolactone) (PCL), and so on) are currently being investigated as materials for tissue
repair, due to their adjustable mechanical properties that approximate those of many tissues [3]
and their history of acceptable biocompatibility in humans [1]. Compared to hydrogel
substrates, these polymers are relatively hydrophobic and their surfaces are prone to protein
adsorption from protein-rich biological systems [18], which effectively prevents direct
interaction between the material surface with the attaching cells [14]. Cells that attach to the
biomaterial via adsorbed proteins are not directly attached to their substrates as with native
ECM or native ECM-mimicking matrices. Despite lack of direct attachment, cell behavior has

been observed to be influenced by the stiffness of these synthetic polymers [64-67].
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The ability of cells to respond to polymer stiffness through an adsorbed protein layer
suggests two possible mechanisms for response to stiffness: either the cell is able to directly
probe the substrate by unfolding the adsorbed protein enough to exert direct traction forces on
the substrate (Figure 2.1A), or the cell is not “sensing” stiffness at all, rather polymer stiffness
is influencing the characteristics of the adsorbed protein layer (e.g. conformation, composition)
to which the cell is attached (Figure 2.1B). These differences in adsorbed proteins activate

different cellular pathways and drive the observed differences in cellular response, which are

A . Focal adhesions
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Figure 2.1: A: Cells may be able to respond to substrate stiffness directly by unfolding proteins
and exerting traction forces on the polymer surface. B: Material stiffness may influence the
characteristics of the adsorbed protein layer which in turn influences cell response.

not necessarily reflective of the true stiffness of the material.
Cells are able to unfold the proteins that comprise the extracellular matrix [68].

However, it is unlikely that cells are able to probe substrate stiffness directly by unfolding
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adsorbed proteins (Figure 2.1A), since the stiffness of many polymers is beyond the maximum
adhesion force of the protein or traction force that cells are capable of exerting. The maximum
traction force/stress that a cell can generate varies by cell type [69]. Maximal traction stress
generated by NIH3T3 fibroblasts was found to be 0.4 kPa [50] whereas C2.7 myoblasts were
found to generate a maximum traction force of approximately 300 nN [70]. On the other hand,
protein adhesion force to a substrate varies by both the substrate and the type of proteins
adsorbed. Approximately 50 nN is required to remove an adsorbed fibronectin molecule from
glass [71] and more than 220 nN to remove it from polystyrene [72]. Depending on the cell
type, traction stresses have the potential to remove adsorbed proteins [50], artificially
decreasing the perceived stiffness of the material. If a cell were able to exert enough traction
force to unfold a protein and “pull” on a material surface with a relatively high modulus, the
adsorbed protein would likely be removed before the surface was even slightly deformed.
Moderately stiff materials, including the synthetic polymers described here, would merely be
perceived as a “stiff surface” [60]. That cells have been observed to respond differently to
materials with stiffnesses orders of magnitude greater than the measured cell traction force
suggests cells respond to substrate stiffness through a mechanism other than direct probing.
Instead of directly sensing material stiffness, cells may be responding to stiffness
induced differences in the type or conformation of proteins that adsorb to the biomaterial
surface, which have been hypothesized to mediate cell response to a material [16,27]. A
difference in the concentration of available integrin binding sequences in proteins adsorbed to
the surfaces (ligand density) has been shown to impact cell adhesion and other responses
associated with stiffer materials [73]. Beyond proteins that provide integrin binding sites, the

presence of other proteins may have effects on cell behavior. For example, differences in the
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amount of complement or immunoglobulin can affect attachment and differentiation of
monocytes/macrophages and subsequently the immune response to the material [74]. If
material stiffness can influence the type of proteins that are present on the material surface,

material stiffness may influence cell behavior via this adsorbed protein layer.

2.3 The Effect of Polymer Chain Mobility on Protein Adsorption

Any material property that is capable of affecting protein adsorption can potentially
influence cell behavior; however, it is still under investigation as to whether differences in
material stiffness are sufficient to influence the type or conformation of adsorbed proteins.
Because protein adsorption is an interfacial phenomenon, material bulk stiffness does not
influence protein adsorption as much as interfacial (surface) stiffness. At the molecular level,
the substrate-aqueous interface consists of mobile polymer chains and bound and free water
molecules [38]. The mobility/flexibility of these interfacial polymer chains is related to the
material bulk stiffness and may drive a difference in protein adsorption at the material surface.

Few studies have investigated the effect of biomaterial stiffness or polymer chain
flexibility on protein adsorption, partly due to the difficulty of modifying material stiffness
while maintaining polymer surface chemistry [58,67]. The flexibility of surface vinyl
methacrylate chains was found to affect the adsorbed quantity and conformation of fibrinogen
[75] and fibronectin, which subsequently influenced MSC adhesion and osteogenic
differentiation [60]. Similarly, poly(dimethylsiloxane) stiffness was found to influence the
conformation of adsorbed fibronectin, specifically the exposure of the adsorbed fibronectin’s

arg-gly-asp (RGD) cell binding motif, which then affected NIH3T3 fibroblast adhesion [66].
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The influence of material stiffness and polymer chain flexibility on protein adsorption
has been hypothesized to be due to differences in the arrangement of water at the material
surface [76]. Yang et al. found that fibrinogen adsorption to polyurethanes had a quadratic
dependence on water adsorption [77]. Guiseppe-Elie et al. found that lower modulus hydrogels
have a higher bulk to bound water ratio that correlated with increased fibroblast adhesion,
hypothesized to be due to a difference in the adsorption of serum proteins to the surfaces [67].
Interestingly, material stiffness also impacted protein adsorption in materials below their glass
transition temperatures where the chains in the polymer bulk are immobile, which was
hypothesized to be due to differences in water penetration at the surfaces [78].

Differences in polymer chain mobility and water absorption may influence protein
adsorption by changing the entropy of the system. Protein adsorption is driven primarily by
the entropy increase associated with the release of bound water molecules from the material
surface and the adsorbing protein molecule [18]. The polymer-aqueous interface is believed to
exist as a superhydrated gel-like “interphase” region where water penetrates into the polymer
surface and the polymer chains protrude into the aqueous media [4] (Figure 1.1).

A difference in polymer chain mobility effects the thickness of this interphase region;
that is, the depth of water penetration, the protrusion of the polymer chains into the aqueous
media and the arrangement of the water molecules bound to the polymer chains. Differences
in arrangement of water molecules in the interphase region may influence the number of water
molecules released during adsorption, affecting the likelihood that certain proteins or

conformations of proteins adsorb [67].
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2.4 Introduction to the Thesis Project

The objective of this thesis was to determine whether material stiffness/polymer chain
mobility influences cellular response by affecting the nature of the adsorbed protein layer. Two
types of polymer biomaterials, an elastomer formed from crosslinking an acrylated star
poly(D,L-lactide-co-¢-caprolactone) pre-polymer (ELAS) and high molecular weight PTMC,
have been shown to induce different cellular responses depending on their stiffness. For these
two polymers, varying polymer stiffness does not significantly alter surface chemistry.. These
two polymers and their respective cell behaviors, therefore, were chosen as model systems to

examine the effect of material stiffness on protein adsorption and subsequent cell response.

2.5 The Effect of ELAS Stiffness on Cell Proliferation

The stiffness of ELAS is determined by the molecular weight of the pre-polymer prior
to crosslinking, with lower molecular weight pre-polymers possessing a higher number of
acrylate crosslinking groups per volume and, thus, yielding stiffer (higher crosslink density)
elastomers. Previously, both bovine coronary smooth muscle cells [79] and NIH3T3 murine
fibroblasts [80] were shown to proliferate more on an ELAS surface prepared from 5000 g/mol
pre-polymer (ELAS 5000) compared to a 2000 g/mol pre-polymer (ELAS 2000). The

elastomer surfaces are chemically identical and differ only in stiffness/polymer chain mobility.
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2.5.1 Elastomers Formed from Acrylated Star Poly(D,L-lactide-co-g-caprolactone)

Star-poly(D,L-lactide-co-e-caprolactone) is synthesized by the ring opening melt
polymerization of D,L-lactide and e-caprolactone monomers, initiated by glycerol. The
resulting polyester is a random co-polymer consisting of a 1:1 ratio of D,L-lactide to
caprolactone. The terminal hydroxyl groups are subsequently acrylated resulting in the pre-
polymer (ASCP) (Figure 2.2) that can be crosslinked by UV or visible light. The molecular
weight of the pre-polymer determines the crosslink density, and thus the bulk stiffness and
flexibility of the polymer chains of the elastomer, of the resulting elastomer [80].

For these elastomers, a lower molecular weight pre-polymer results in a stiffer
elastomer. ELAS 2000, formed from pre-polymer of molecular weight 2000 g/mol, possesses
a modulus of approximately 8 MPa and a glass transition temperature midpoint (Tg) of 0 £ 0.1
°C, while ELAS 5000, formed from a pre-polymer of 5000 g/mol has a Young’s modulus of 1
MPaanda Tqof -7 + 1 °C. ELAS is fairly hydrophobic with a contact angle of 83°, which does
not vary with crosslink density [80]. In agqueous environments, ELAS experiences virtually no
swelling and very little water adsorption. Contact angle measurements and attenuated total
reflectance Fourier transform infrared spectrometry surface analysis show no difference in
surface chemistry or chain/functional group rearrangement upon conditioning in aqueous
environments, beyond the presence of water at the surface. As with most polyesters, ELAS
degrades via bulk hydrolytic degradation at the ester bonds in the polymer backbone, which
are hydrolyzed into carboxylic acids. While, in the long term, the degradation of the ELAS
surface may alter the surface and modulus of the polymer, no significant degradation is
reported for up to 10 weeks in an aqueous environment [80], much longer than the time frame

of the observed cellular responses.
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Figure 2.2: Molecular structure of acrylated star poly (D,L lactide-co-e-caprolactone)
(ASCP) with repeating units m = D,L-lactide and n = e-caprolactone.

Poly(trimethylene carbonate) is formed from ring-opening melt polymerization of
trimethylene carbonate (Figure 2.3) and is currently being investigated for several biomedical

applications [1,81], in part because of its unique degradation properties. PTMC is not
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susceptible to hydrolytic degradation, rather in vivo PTMC is degraded by macrophage
mediated enzymatic and oxidative surface erosion and produces no acidic degradation products

[82,83].
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Figure 2.3: Molecular structure of poly(trimethylene carbonate) (PTMC)

Very high molecular weight (>100 kg/mol) PTMC is not covalently crosslinked,
however, due to highly entangled polymer chains, PTMC is rubbery and deforms elastically at
low strains. Due to its low glass transition temperature (-16 °C [84]), the polymer chains of
PTMC are flexible and mobile at physiological temperature. PTMC is relatively hydrophobic
with a contact angle of approximately 75, which does not vary with molecular weight, and
undergoes very little bulk swelling in agueous environments (approximately 3% [84]). No
change in contact angle is observed between dry and aqueous conditioned pTMC and ATR-
FTIR analysis shows no polymer chain/functional group reorientation at the surface during

aqueous conditioning over 7 days.

2.5.2 NIH3T3 Fibroblasts

NIH3T3 is an immortalized murine fibroblast cell line commonly used in biomaterials
research. NIH3T3 cells are anchorage dependent [85] and adhere to extracellular

matrix/adsorbed serum and plasma proteins primarily through integrin binding mechanisms
21



[86,87]. They are thought to adhere particularly to fibronectin [88], vitronectin [12] and other
sources of the RGD integrin binding motif [89]. NIH3T3 cells attach and spread more when
grown on hydrophilic (wettable) surfaces [12,90] hypothesized to be due to a preferentially
higher adsorption of fibronectin on hydrophilic materials [88].

3T3 cells respond to the stiffness of both hydrogel [13,21,91] and non-hydrogel [64,66]
polymeric biomaterials. NIH3T3 cells show increased spreading and more stable focal
adhesions [21], more organized cytoskeletons and stress fibers [92], higher growth and lower
levels of apoptosis [93] when grown on stiffer hydrogel substrates. NIH3T3 response to the
stiffness of non-hydrogel substrates appears to vary by material [64]. NIH3T3 cells have been
observed to migrate towards stiffer regions on PDMS, which was correlated with increased
ECM remodeling [94]; however, when grown on PCL films, NIH3T3 cells proliferated more
on the less stiff surface [64]. These material-specific responses may reflect the variance in
surface chemistry between polymers and different levels of protein adsorption, which also
influences cell behavior. NIH3T3 adhesion to PDMS of different stiffnesses did not directly
correlate with bulk stiffness, but was correlated to the concentration of exposed RGD integrin

binding sites in adsorbed proteins [66].

2.5.3 RAW 264.7 Macrophages

RAW 264.7 cells are an immortalized murine monocyte-macrophage line commonly
used to model macrophage activation. They are naturally adherent and do not require the
addition of stimulant, such as LPS, to differentiate into an adherent phenotype [30]. RAW

264.7 monocyte-macrophages adhere to biomaterial surfaces via integrin binding (Mac-1 and
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VAL-4) and Fc receptor binding [8,30] to serum proteins, especially fibrinogen, fibronectin,
immunoglobulins [95] and complement [96]. When activated by a biomaterial such as
polycarbonate [97], RAW 264.7 cells secrete degradative species [98] and inflammatory
cytokines [99] in an attempt to degrade the material.

RAW 264.7 monocyte-macrophages have also been shown to have stiffness dependent
responses. Classically activated cells (i.e. via LPS) exhibited a decreased immune response to
less stiff hydrogels [8,100,101]. The mechanism for uptake of nanoparticles by RAW 264.7
cells was dependent on the stiffness of the nanoparticles [102]. Additionally, it has been
hypothesized that both polymer chain flexibility as measured by glass transition temperature

could affect the behavior of RAW 264.7 cells grown on aliphatic polyesters such as PCL [96].

2.6 The Effect of PTMC Stiffness on RAW 264.7 Macrophage Mediated Erosion

High molecular weight PTMC degrades in vivo via macrophage mediated enzymatic and
oxidative surface erosion mechanisms. PTMC of molecular weight greater than 100 kg/mol
degrades in vivo [103] and in vitro macrophage culture, whereas PTMC of molecular weight
less than 70 kg/mol undergoes no such degradation [65]. Due to the low saturation of end
groups, 100 kg/mol PTMC and 60 kg/mol PTMC have almost identical surface chemistries.
These PTMC have similar bulk stiffness, but different surface stiffness, when hydrated [84].
No studies have been performed specifically examining the behavior of RAW 264.7 cells when
cultured on different stiffnesses of PTMC; however, a similar monocyte-macrophage cell line
(J774A cells) degraded crosslinked PTMC at rate dependent on the crosslink density of the

PTMC [65].
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2.7 Summary

The method by which cells sense or respond to the stiffness of polymeric biomaterial
substrates is incompletely understood, due to the complex connections between polymer
surface properties, protein adsorption and cell response. Additionally, the effect of polymer
stiffness on protein adsorption and cell response as an isolated property has been seldom
investigated, due to the challenge of modifying polymer stiffness without altering surface
chemistry. Elastomers formed from acrylated star poly(D,L-lactide-co-g-caprolactone) pre-
polymers of different crosslink densities and PTMC of different molecular weights induce
differences in fibroblast proliferation and monocyte/macrophage degradation, respectively,
while still maintaining similar surface chemistries, and thus are ideal model systems to
examine the effect of polymer stiffness and polymer chain flexibility on protein adsorption and

subsequent cell response.
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Chapter 3

Scope

3.1 Hypotheses

The over-arching hypothesis of this project is that the mobility of the polymer chains
at the polymer-aqueous interface affects cell behavior by influencing the quantity and/or
conformation of the proteins that adsorb to the polymer surface. The polymer chain mobility
affects the composition of the adsorbed protein layers, leading to differences in the quantity
or conformations of proteins, which in turn influences the respective cell behavior. Within
the context of this main hypothesis, two main sub-hypotheses were formulated, specific to
each polymer being examined (hypotheses 1 and 2). Based on results obtained during the

fulfillment of hypothesis 2, a third hypothesis was generated:

1. Itishypothesized that the ELAS 5000 surface, which induces higher NIH3T3 fibroblast
proliferation, will adsorb greater quantities or different conformations of proteins

associated with cell attachment compared to the ELAS 2000 surface.

2. 100PTMC undergoes faster macrophage mediated degradation by RAW 264.7 murine
monocyte derived macrophages compared to 60PTMC. It is hypothesized that the faster
degradation of 100PTMC is due to increased levels of macrophage attachment or
activity at the 100PTMC surface, driven by differences in quantities of proteins that
induce macrophage response (e.g. complement proteins and immunoglobulin) or due

to greater adsorption of degradative enzymes compared to the 60PTMC surface.
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3. The results from the fulfillment of hypothesis 2 (objective 3) showed that 100PTMC is
degraded faster than 60PTMC by murine monocyte derived macrophages due to a
difference in the enzymatic activity at their surfaces, and not due to a difference in
macrophage activity driven by differences in protein adsorption. However, 100PTMC
also undergoes faster macrophage mediated degradation by RAW 264.7
monocyte/macrophages compared to ELAS 5000 despite similar rates of enzymatic
degradation. It is hypothesized that, due to differences in surface chemistry and
polymer chain flexibility, the 100PTMC surface adsorbs greater quantities of proteins
that induce macrophage attachment and activity (e.g. complement proteins and

immunoglobulin) compared to the ELAS 5000 surface.

3.2 Objectives

With respect to Hypothesis 1, the following objectives were established:

3.2.1 Objective 1: The Influence of Polymer Chain Flexibility of ELAS on Individual Protein
Adsorption

Determine if polymer chain mobility influences the quantity or conformation of
proteins adsorbed from solutions of individual proteins. Elastomer hydrophilicity, bulk
modulus, glass transition temperature, and roughness will be determined by water contact
angle, double indentation test, differential scanning calorimetry (DSC) and atomic force

microscopy (AFM), respectively. Adsorbed protein layer mass will be measured from
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individual protein solutions and FBS supplemented cell culture media using radiolabelling and
surface plasmon resonance (SPR), respectively. Viscoelastic properties of the adsorbed protein
layers will be measured by quartz crystal microbalance with dissipation (QCM-D) and

viscoelastic modeling.

3.2.2 Objective 2: The Influence of Polymer Chain Flexibility of ELAS on Competitive Protein
Adsorption

Determine if polymer chain mobility influences the quantity or conformation of
proteins adsorbed from a serum supplemented (competitive adsorption) environment.
Additionally, determine which adsorbed protein(s) may be influencing fibroblast proliferation
on the elastomer surfaces. Fetal bovine serum supplemented cell culture media will be
adsorbed to ELAS 2000 and ELAS 5000 surfaces, with adult bovine plasma (in which cells do
not grow) as a control. Protein identity will be determined by relative quantitation proteomics
[104]. Following the identification of a protein believed to influence fibroblast behavior, that
protein will be used as a serum free media supplement to determine its effect on fibroblast

proliferation on the ELAS surfaces.

3.2.3 Objective 3: The Influence of PTMC Polymer Chain Flexibility on Macrophage Behavior

and Enzymatic Adsorption and Conformation.

With respect to Hypothesis 2, the following objective was formulated:
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Determine if differences in degradation rate between 100PTMC and 60PTMC (via
macrophage mediated degradation) are due to differences in macrophage behavior (i.e.
macrophage attachment, or macrophage secretion of ROS or degradative enzymes).
Macrophage number, ROS and esterase secretion will be quantified. Additionally, the
degradation rate of 100PTMC and 60PTMC in solutions of cholesterol esterase and lipase will
be determined, as well as the adsorption quantities and viscoelastic properties of those proteins

on the PTMC surfaces.

3.2.4 Objective 4: The Influence of Protein Adsorption and Subsequent Macrophage Activity on
PTMC and ELAS surfaces

With respect to Hypothesis 3, the following objective was formulated:

100PTMC surfaces are eroded by macrophage-mediated degradation at a faster rate
than ELAS 5000 surfaces despite similar susceptibility to enzymatic degradation. Determine
if differences in the macrophage mediated degradation rate of L00PTMC and ELAS 5000 are
due to differences in the protein layer that adsorbs from adult bovine plasma supplemented cell
culture media. Protein layers will be adsorbed to 100PTMC and ELAS 5000 surfaces from
adult bovine plasma supplemented media and protein identity and relative quantity will be

determined by relative quantitation proteomics.
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Chapter 4

The Effect of Elastomer Chain Flexibility on Protein Adsorption

4.1 Completed Objectives

The following chapter describes the completion of Objective 1, which was to determine
if polymer chain mobility influences the quantity or conformation of proteins adsorbed from
solutions of individual proteins. It was hypothesized that the previously observed stiffness
dependent difference in NIH3T3 fibroblast proliferation was due to a difference in the amount
or conformation of proteins that adsorbed to the different stiffnesses of elastomers fabricated
from acrylated star-poly(D,L-lactide-co-e-caprolactone) (ASCP). Elastomer hydrophilicity,
bulk modulus, glass transition temperature, and roughness were determined by water contact
angle, double indentation test, DSC and AFM, respectively. NIH3T3 fibroblasts were grown
on two stiffnesses of elastomer (ELAS) (fabricated from 2000 g/mol and 5000 g/mol ASCP)
and proliferate more on the less stiff surface (ELAS 5000). Solutions of individual proteins
albumin, immunoglobulin G, fibronectin and vitronectin as well as serum supplemented cell
culture media were adsorbed to the ELAS 2000 and ELAS 5000 surfaces and protein layer
mass and viscoelastic properties (thickness, shear modulus, and viscosity) were measured by
radiolabelling/SPR and quartz crystal microbalance with dissipation (QCM-D). Finally,
surface water content of the hydrated elastomer surfaces was measured using attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR), showing significantly more

surface water absorption on the ELAS 5000 surface.
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Chapter 4 was published in Biomaterials Sept 11, 2013. All experiments described
herein were designed and completed by me with the exception of the radiolabelling and
adsorption of radiolabelled protein, which was completed by Lina Liu in Dr. Heather
Sheardown’s lab at McMaster University, Hamilton, ON. SPR experiments were performed
by me in the Protein Function Discovery Facility, Queen’s University. | am the first author of

the manuscript, followed by Lina Liu and Dr. Heather Sheardown.

4.2 Introduction

Biodegradable elastomers are currently under considerable investigation for their
utility as tissue engineering scaffolds, as their mechanical properties approximate those of
many soft tissues[2,105]. We have previously found that smooth muscle cell response to
elastomers formed from acrylated star-poly(D,L lactide-co-e-caprolactone) (ASCP) varied
depending on the elastomer crosslink density. Specifically, the smooth muscle cells
proliferated faster on elastomer surfaces of lower crosslink density, despite crosslink density
having no effect on the degree of smooth muscle cell attachment [79]. One proposed
explanation for this finding was that the difference in this cell response was due to differences
in protein adsorption to the elastomers.

Protein adsorption is the precursor to cellular-biomaterial interactions, and is
considered to be the first event that occurs following biomaterial implantation [14,106]. The
composition and configuration of the adsorbed protein layer depends on the material properties
of the substrate and is believed to determine cellular response [18]. However, protein

adsorption and its influence on cellular behavior is still incompletely understood due to the
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multitude of factors, such as protein layer composition, protein orientation and configuration
[16], which may be influenced by the surface properties of the material. We hypothesized that
the smooth muscle cell response to the elastomer surfaces was a result of the differences in the
amount, composition, and configuration of proteins adsorbed to these elastomer surfaces and
that these differences arose due to the dissimilar polymer chain mobility at the surface of the
elastomers as a result of their different crosslink densities.

Few studies have examined the effect of crosslink density on protein adsorption. At
the medium-elastomer interface, the crosslink density affects polymer chain mobility, which
in turn influences the structure of the hydrated interface region [1,17,107]. Typically, materials
that strongly bind water molecules experience lower amounts of protein adsorption and
reduced conformational changes in the proteins that adsorb [107,108], due to the steric
hindrance provided by the water molecules and the unfavorable energy cost of displacing the
bound water with protein [109]. Polymer chain mobility at the surface has previously been
hypothesized to affect cell behavior [67] and protein conformation [60,75,66] due to the
increased entropy associated with more mobile polymer chains. In this study we examine the
influence of ASCP elastomer crosslink density, and thus polymer chain mobility, on protein
adsorption quantity and on the viscoelastic properties of the adsorbed protein layer. Proteins
were adsorbed from solutions of individual proteins and serum supplemented culture media at
physiological conditions. Protein radiolabelling, surface plasmon resonance (SPR) and quartz
crystal microbalance with dissipation (QCM-D) were used to determine protein quantity and
viscoelastic properties of the protein layer including thickness, shear viscosity and shear
modulus. Finally, infrared spectroscopy (ATR-FTIR) was used to determine differences in

absorbed interfacial water at the elastomer surfaces.
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4.3 Materials and Methods

4.3.1 Elastomer Fabrication

Elastomers were prepared from 2000 g/mol and 5000 g/mol acrylated star-poly(D,L
lactide-co-e-caprolactone) according to the procedure described in Amsden et al. [110]. These
molecular weights were chosen because they have been previously shown to support different
degrees of smooth muscle cell attachment and proliferation [79]. Briefly, a 1:1 molar ratio of
D,L lactide (Purac, The Netherlands) and e-caprolactone (Fluka, Switzerland), glycerol
(Fisher, Canada) as the initiator, and tin (I1) 2-ethylhexanoate (Sigma, Canada) as a catalyst
were sealed under vacuum in a flame dried glass ampoule and reacted for 24 h at 130°C. The
resulting polymer was dissolved in dichloromethane (Fisher, Canada) dried over 3A molecular
sieves (Acros, USA) and acrylated by the drop-wise addition of acryloyl chloride (Sigma,
Canada), in the presence of triethylamine (Sigma, Canada) and dimethylaminopyridine
(Sigma, Canada) as a catalyst. The degree of acrylation was greater than 98 % for both
molecular weights of polymer. The resulting acrylated star copolymer prepolymer (ASCP) was
purified by precipitation in isopropanol (Fisher, Canada) at -20°C. Molecular weights were
confirmed by gel permeation chromatography (Waters, USA). The ASCP prepolymers were
crosslinked in the absence of solvent with 2,2 dimethoxy-2-phenyl-acetophenone (DMPA)
(Sigma, Canada) as a photoinitiator. The photoinitiator was dissolved in a minimal quantity of
ethyl acetate (Fisher, Canada), mixed with the ASCP and the ethyl acetate allowed to evaporate
overnight prior to crosslinking. The ASCP was irradiated in a glass mold with long-wave UV
light (300-400 nm) (Lightningcure LC8, Hamamatsu) at an intensity of 30 mwW/cm? for 5 min

on each side. Elastomers fabricated from 2000 g/mol and 5000 g/mol ASCP will be referred
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to as ELAS 2000 and ELAS 5000, respectively. ATR-FTIR scans indicate no differences in
percent vinyl group conversion between ELAS 2000 and ELAS 5000 materials. For these
elastomers, cross-link density increases as the molecular weight of the prepolymer decreases

[110].

4.3.2 Contact Angle Measurements

Sessile drop water contact angles were measured on ELAS 2000 and ELAS 5000 films.
Glass coverslips (Fisher, Canada) were coated in ASCP prepolymer with minimal ethyl acetate
and photoinitiator. The coated coverslips were incubated at room temperature overnight,
protected from light, to remove the ethyl acetate and level the polymer surface before
crosslinking. Level surfaces were confirmed by caliper measurement of the edge thickness of
the coated coverslips. The coating thickness was approximately 1 mm. 1 uL of distilled water
was deposited on the surface of the flat coated coverslip. As protein adsorption occurs in an
aqueous environment, contact angles were measured for both dry samples and samples that
had been soaked overnight in distilled water (VCA Optima XE, AST Products Inc.).
Measurements were taken after 30 seconds of equilibration. Contact angles are reported as the

average of 3 samples with 5 drops per sample.

4.3.3 Glass Transition Temperature Measurements

The glass transition temperatures (Tg) of ELAS 2000 and ELAS 5000 were measured

using differential scanning calorimetry (DSC 1, Mettler Toledo). The samples were run by first
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cooling from ambient to -45°C, then using a heating-cooling-heating cycle from -45 to 25°C.
Glass transition temperatures were determined for both dry samples and samples which had
been conditioned in distilled water for 24 h. The glass transition temperature was measured

from the second heating cycle (n=2).

4.3.4 Water Absorption Measurement

Percent water absorption was determined by gravimetric analysis. Dry samples (n=2)
of ELAS 2000 and ELAS 5000 elastomers were weighed, conditioned in distilled water for 24

h, blotted dry, then weighed a second time to determine water content.

4.3.5 Atomic Force Microscopy

The surface roughness of ELAS slabs (n=3) and spin-coated sensors (n=1) was
determined by atomic force microscopy. ELAS 2000 or ELAS 5000 was prepared in slabs or
spin coated onto gold QCM-D sensors as described above. A Veeco Multimode Microscope
equipped with a Nanoscope Illa Controller with a VVeeco Probes TESP AFM tip was operated
in tapping mode. RMS roughness (Rq) was quantified using the NanoScope V6.13 Software

(Veeco, USA).

4.3.6 Mechanical Testing

Elastomer bulk moduli were measured in uniaxial compression using a single

indentation. Previous double indentation measurements have determined a Poisson ratio of

34



approximately 0.5, common for elastomers[111]. The indentation measurement was performed
on a 25x25x1.5 mm square slab using a circular indenter with a 2 mm diameter, and a
deformation rate of 0.03 mm/sec (TA.XT plus Texture Analyzer, Stable Micro Systems). The
modulus was determined from the slope of the linear regression of the applied stress vs. applied

strain between 5% and 20% strain (n=2).

4.3.7 Culture of NIH3T3 Fibroblasts

Differences in cellular attachment and proliferation on different crosslink densities of
elastomer were confirmed by culturing NIH3T3 murine fibroblasts on ELAS 2000 and ELAS
5000 surfaces with tissue culture polystyrene as a comparison surface. The prepolymers were
dissolved in ethyl acetate in a 50% w/v solution with a minimal amount of DMPA. The wells
of 96 well tissue culture polystyrene plates (Corning) were coated with 50 upL of the
prepolymer solutions. The plates were incubated overnight to allow the solvent to evaporate
then irradiated with 30 mW/cm? UV light. The coated well plates were sterilized under low
intensity (40 uW/cm?) UV light for 30 min then incubated in DMEM (Sigma) at 37°C for 24
h prior to cell seeding. Frozen NIH3T3 immortalized murine fibroblasts were thawed and
expanded in T-175 flasks for 1 week prior to seeding. The cells were passaged with 10X trypsin
(Sigma), centrifuged and re-suspended at a concentration of 50,000 cells/mL. The cells were
seeded at a density of 10,000 cells per well and cultured for 14 days in DMEM supplemented
with 10% fetal bovine serum (FBS, Sigma) and 1% anti-mycotic (Hyclone). At days 1, 3, 7,
10 and 14 cell number was quantified using a fluorescent DNA binding assay (Quantifluor,

Promega, n=6).
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4.3.8 Radiolabeled Protein Adsorption

lodine radiolabeled proteins were used to measure mass of protein adsorbed to the
elastomer surfaces. Albumin and IgG were labeled with 1'% using the iodine monochloride
method[112] and purified by twice passing through an AG 1-X4 packed column. Fibronectin
and vitronectin were labeled using the iodogen method[113]. Approximately 1 mm thick sheets
of ELAS 2000, ELAS 5000 and poly(dimethylsiloxane) (PDMS) were punched into 0.635 cm
diameter discs (n=4) and conditioned overnight in PBS. Protein solutions were used at their
physiological concentrations in adult human plasma. Solutions of human serum albumin (44
mg/mL[114], 2.5% labeled), immunoglobulin G (10.5 mg/mL[115], 2.5% labeled, Sigma),
fibronectin (0.325 mg/mL[116], 2% labeled, Sigma) or vitronectin (0.225 mg/mL[117], 2%
labeled, Cedarlane) in PBS were prepared and incubated with the discs for 12 h. Following
adsorption, the elastomer discs were rinsed 3 times for 5 min each in PBS and blotted dry.
Radioactivity was determined using a Wizard 3 1480 Automatic Gamma Counter (Perkin

Elmer); radioactivity was converted to a protein mass using a standard curve.

4.3.9 QCM-D Sensor Coating

Thickness, modulus and viscosity of protein layers adsorbed to ELAS 2000 and ELAS
5000 were quantified using a quartz crystal microbalance with dissipation (QCM-D E1, Q-
Sense). Gold QCM-D sensors (4.95 MHz, 14 mm diameter, Q-Sense) were spin-coated (WS-
400, Laurell Technologies) with a 1% solution of ELAS 2000 or ELAS 5000 pre-polymer in
ethyl acetate with a minimal amount of DMPA photoinitiator. 1 mL of the solution was pipetted

drop-wise onto the spinning sensor (4000 rpm, 5 min). Coated sensors were crosslinked under
36



UV radiation (30 mW/cm?, 5 min). The coated sensors were dried overnight at room
temperature and stored in a desiccator when not in use. The thickness of the elastomer coating
and surface roughness were determined using QCM-D measurements and atomic force

microscopy, respectively.

4.3.10 QCM-D Protein Adsorption

Dry ELAS coated sensors were inserted into the QCM-D chamber. Phosphate buffered
saline (Sigma) was then flowed over the sensor (50 uL/min) for 8 h until stable frequency and
dissipation baselines were measured. A protein solution was then flowed into the sensor
chamber (50 puL/min) for 10 min until the chamber was filled. The flow of the protein solution
was then halted and the protein allowed to adsorb statically for 12 h, approximating the
adsorption that takes place in an in vitro cell culture (n=3) (Figure 4.1). Solutions of individual
proteins were used at physiological concentrations and included human serum albumin (44
mg/mL, Sigma), immunoglobulin G (10.5 mg/mL) (Sigma), fibronectin (0.325 mg/mL, Sigma)
or vitronectin (0.225 mg/mL, Cedarlane) in pH 7.4 phosphate buffered saline (PBS). To
examine the viscoelastic properties of layers that adsorb during cell culture, protein adsorption
was also measured using the supplemented in vitro cell culture medium (10% FBS in DMEM).
For media adsorption measurements, the coated sensors were baselined using unsupplemented
DMEM and DMEM supplemented with 10% FBS was used as the protein solution. Protein
layer thickness, viscosity, and shear moduli were calculated using a Voigt viscoelastic

model[118], assuming a protein density of 1400 kg/m3[119].
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4.3.11 Surface Plasmon Resonance

Surface plasmon resonance (SPR) was used to quantify the mass of protein adsorbed
from a serum solution. Plain gold SPR sensor chips (Au, Biacore) were coated in ASCP
prepolymer. Briefly, 20 uL of a 0.1 mg/mL solution of ASCP in acetone with a minimal
amount of photoinitiator was pipetted onto the surface of a SPR sensor. The acetone was
allowed to evaporate before the coated sensor was cross-linked under long-wave UV light (30
seconds, 30 mW/cm?). The coated SPR sensors were dried for 8 h before the experiment. The
sensors were inserted into the SPR (Biacore 3000, Biacore, Sweden) and unsupplemented
DMEM was flowed over the sensor until a baseline measurement was achieved (400 seconds).
330 uL of DMEM supplemented with 10% fetal bovine serum was then injected into the flow
cell at 10 uL/min). The coated sensor was exposed to the protein solution for 30 min. Following
adsorption, unsupplemented DMEM was injected into the flow cell as a rinse step. Adsorbed
protein mass was measured as the difference in signal between the stabilized post rinse data

(4000 s) and the baseline (500 s) (Figure 4.2).
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QCM-D Raw Frequency and Dissipation Data
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Figure 4.1: Top: Representative curves of QCM-D data. AFrequency and ADissipation at the 5th, 7th and
9th overtone for albumin adsorption to ELAS 5000 over 12 hours. Bottom: Representative curves of SPR
response data from 4 flowcells (Fc) for serum adsorption to ELAS 5000 over 4000 seconds.

4.3.12 ATR-FTIR

Surface water adsorption was measured by attenuated total reflection Fourier transform

infrared (ATR-FTIR) analysis. The water stretching (3350 cm™) and bending (1650 cm™)
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peaks were used as indicators. ELAS 2000 and ELAS 5000 were fabricated according to the
method described above and incubated in water. At time points of 0, 1, 4, and 24 h, the

elastomers were removed from the water, scanned, then returned to the water.

4.3.13 Statistics

Measurements are reported as the average value * standard deviation of n replicates.
Significant differences with respect to attachment and proliferation of the NIH3T3 fibroblasts
on the different elastomers was determined using a two way ANOVA with a Bonferroni post-
hoc test (Prism 6, GraphPad, USA). Significant differences in adsorbed protein mass were
determined using a one-way ANOVA with a Bonferroni post-hoc test. All other significance
differences were determined using a Student's t-test. Populations were considered significantly

different at values of p<0.05.

4.4 Results and Discussion

Bulk ELAS 2000 and ELAS 5000 and coated QCM-D sensors were prepared and
characterized according to the methods described above. Because protein adsorption occurs in
an aqueous environment, the elastomers and coated sensors were also characterized in a
hydrated state (Table 4.1). As expected, bulk modulus and polymer chain stiffness (as reflected
in measured Tg) were higher for the higher crosslink density material (ELAS 2000) and
decreased slightly for both elastomers when wet due to the plasticizing effect of water[120]
(Table 4.2). No significant differences were observed in surface water contact angle or surface

roughness between the bulk elastomers or coated sensors. However, bulk ELAS 2000 absorbed
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a slightly higher quantity of water than did the ELAS 5000. This result may be due to the
greater quantity of acrylate groups in the bulk ELAS 2000; the acrylate group is relatively more

hydrophilic compared to that of the caproyl residues.

Table 4.1: Summary of elastomer sample preparation methods and preconditioning

Sample Prep Method Thickness  Preconditioning
Contact angle Dip coated 1 mm 24 h, DI water
Ty Bulk slab 1 mm 24 h, DI water
Fibroblast culture Crosslinked in wells 0.5 mm 24 h, DMEM
Radiolabelling Bulk slab discs 1 mm 24 h, PBS
SPR Pipetted onto sensor and 15nm 400 s, DMEM

crosslinked (baseline equilibration)
QCM-D Spin coated and crosslinked 50 nm 12 h, PBS or DMEM

(baseline equilibration)

ATR-FTIR Bulk slab 1 mm Various, DI water

Table 4.2: Bulk and surface properties of dry and wet ELAS 2000 and ELAS 5000

ELAS ELAS 2000 ELAS 5000 ELAS 5000
2000 (Dry) (Wet) (Dry) (Wet)
ASCP M (g/mol) 2000 4300
ASCP My (g/mol) 2200 5200
Modulus (MPa) 7.6+0.3 7.8+£05 1.00£0.04 1.2+0.1
Bulk Rqg (nm) 1.2+0.2 22+03
Sensor Rq (nm) 0.2 0.2
Tg (°C) 04+0.3 03+0.1 -6.8+1.1 -8.7+£0.9
Water Content (%) 6.6 +0.2 4.82+0.01
Bulk Contact Angle (°) 86+ 2 82+3 81+2 85+3
Sensor Contact Angle (°) 82+2 80+2 85+ 2 84+2
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4.4.1 Fibroblast Attachment and Proliferation

3T3 murine fibroblasts were cultured on ELAS 2000 and ELAS 5000 surfaces and
differences in attachment and proliferation assessed to 14 days (Figure 4.2). Tissue culture
polystyrene (TCPS) was used as a control surface. Cell proliferation rate was highest on the
TCPS surface and the cells reached confluence by day 7. Cells cultured on the ELAS surfaces
showed similar initial attachment (Day 1 and Day 3); however, only cells cultured on ELAS
5000 proliferated until day 14. Cells cultured on ELAS 2000 proliferated until day 7 after
which cell number decreased. NIH3T3 cells are anchorage dependent and grow readily in FBS
supplemented media on most surfaces to which they can securely attach. In this cell culture
result, the lack of cell growth on the ELAS 2000 may have been due to differences in the
amount or conformation of adsorbed proteins that provide attachment points to the cells,
resulting in poorer attachment and lack of proliferation on the ELAS 2000 surface. These
results correspond with what has previously been observed for smooth muscle cells growing
on these elastomers. Despite similar cell attachment on ELAS1800 and ELAS4500, smooth
muscle cells proliferated more on both the unmodified and base-etched ELAS4500 surface
[79]. These results demonstrate that increased cellular proliferation on ELAS 5000 is common
to more than one cell type, supporting the hypothesis that the underlying protein layer may be

the driving factor for the difference in cell proliferation.
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Figure 4.2: Fibroblast attachment and proliferation on ELAS 2000, ELAS 5000, and TCPS surfaces over
14 days. *p<0.05 compared to ELAS 2000 surface. **p<0.05 compared to both elastomer surfaces.
Confluence was reached on TCPS surfaces by 7 days (n=6)

4.4.2 Protein Adsorption

Characteristics of adsorbed protein layers were quantified by radiolabelling, SPR, and
QCM-D analysis to determine the mass and thickness of the protein layer, and the viscoelastic
properties of the adsorbed layers, respectively. The results are present in Figures 4.3A-D.
Physical properties of the proteins used in this study are given in Table 4.3. The proteins varied

greatly in overall configuration and size, but were all negatively charged at physiological pH.

Table 4.3: Physical properties of the proteins examined

MW Radius Configuration Isoelectric
(kg/mol) (nm) point
Albumin[121] 66 3.5 Globular 4.8
1gG [121,122] 150 53 Y-shaped 6.5
Fibronectin[123] 440 120x 2  Rod-shaped dimer / V-shaped 5.5-6.0
Vitronectin[124] 75 11x3 "Peanut"-shaped 55
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A significantly higher mass of fibronectin (Fn) adsorbed to the ELAS 5000 surface than
to the ELAS 2000 surface (Figure 4.3A). Fibronectin is a component of the extracellular matrix
and is associated with cell attachment and proliferation[125]. This result suggests that the
increased cell proliferation rate on the ELAS 5000 surface is related to the higher mass of
fibronectin on the surface. Interestingly, a higher mass of immunoglobulin G (IgG) adsorbed
to the ELAS 2000 surface than to the ELAS 5000 surface. While immunoglobulins are not
typically associated with cell attachment, IgG is present in serum in the highest concentration
after albumin[126]. If IgG adsorbs in a high quantity or different conformation on the ELAS
2000 surface, the adsorbed 1gG may have a different likelihood of desorption and replacement
by other proteins, and effectively block proteins with integrin binding sites from adsorbing.
No other individually adsorbed proteins showed differences in mass adsorbed between the
elastomer groups or the PDMS comparison surface.

The adsorbed mass of serum proteins was much lower than the masses adsorbed from
solutions of individual proteins. This finding is most likely due to the relative concentration
difference between the solutions. Individual proteins were adsorbed from solutions at
physiological plasma concentrations whereas serum proteins were adsorbed from
supplemented cell culture media (10% serum) in which the proteins were much more dilute.
Between the two elastomer surfaces, however, the adsorbed mass of serum was higher on the
ELAS 5000 surface. As the adsorption from a serum solution is competitive, the final
compositions of the adsorbed protein layers are presently unknown. The adsorbed mass results
do indicate, however, that there is likely a difference in the protein adsorption on the two
elastomer surfaces in the in vitro fibroblast culture. It is also interesting to note that the

difference in adsorption measured in the 1gG solution (high adsorption on ELAS 2000) is not
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reflected in the serum adsorption, suggesting that other proteins are out-competing IgG for the

surface in a competitive environment.
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Figure 4.3: A: Mass of protein adsorbed to ELAS 2000 and ELAS 5000 surfaces; B: Thickness of
protein layers adsorbed to ELAS 2000 and ELAS 5000 surfaces; C: Shear modulus of protein layers
adsorbed to ELAS 2000 and ELAS 5000 surfaces; D: Shear viscosity of protein adsorbed to ELAS
2000 and ELAS 5000 surfaces.*p<0.05 compared to ELAS 2000, (n=3).

Quartz crystal microbalance with dissipation (QCM-D) was used to measure the

viscoelastic properties of the adsorbed protein layer including thickness (Figure 4.3B), shear
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modulus (Figure 4.3C), and shear viscosity (Figure 4.3D). In contrast to radiolabelling, which
measures protein mass alone, QCM-D measures the viscoelastic properties of a hydrated
layer[127]; that is, the measurements include the effects of bound water in the protein layer.
Therefore, differences in viscoelastic properties may be related to not only the quantity of
protein adsorbed, but also the quantity of bound water in the adsorbed layer and the
conformation of the adsorbed protein [128]. Because the proteins were adsorbed statically
without a rinse step, it is possible that the thickness measurements included loosely bound (but
still acoustically coupled) proteins in the measurement. However, changes in thickness do not
significantly impact the other values calculated by the model. In general, shear modulus (i.e.
storage modulus) is related to the elastic character of the protein (conformation), and viscosity
(i.e. loss modulus) is related to the quantity of water bound in the protein layer.

No differences in protein layer thickness were observed for proteins that are
traditionally associated with cellular attachment (fibronectin and vitronectin). The albumin
layer adsorbed to the ELAS 5000 was approximately twice as thick as the layer adsorbed on
the ELAS 2000. The adsorbed serum layer also was significantly thicker when adsorbed to the
ELAS 5000, probably due to the contribution of albumin, as albumin is the most abundant
protein in serum[129].

The shear viscosities of all adsorbed protein layers were statistically similar on both
elastomer surfaces with the exception of albumin, indicating a similar quantity of water bound
in the protein layers adsorbed to the different stiffnesses. The albumin layer adsorbed to the
ELAS 2000 had a higher viscosity, possibly due to a difference in albumin conformation,

which is also reflected in the albumin layer thickness measurements. This trend was also
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observed in the serum layer viscosity, most likely due to the high concentration of albumin in
the adsorbed serum.

Significant differences in adsorbed protein layer modulus were observed for 1gG,
fibronectin and serum. The IgG layer showed the most dramatic difference in stiffness with
the protein layer adsorbed to the ELAS 5000 being nearly twice as stiff as the layer adsorbed
to the ELAS 2000. Fibronectin displayed significantly higher layer stiffness when adsorbed to
the ELAS 2000 surface. Interestingly, this trend is opposite to the trend shown between IgG
and fibronectin in the radiolabelling (adsorption mass) data (Figure 4.3A). In general, higher
shear moduli are seen on the surfaces that adsorbed lower masses of protein. This result
suggests that not only is there a different quantity of protein adsorbed to the surface, but that
the protein has adsorbed in a different conformation as well[130]. An illustration of possible
differences in the conformation of fibronectin adsorbed to the elastomer surfaces is shown in
Figure 4.4.

Fibronectin is a dimer that has a "V-shaped" native configuration (Table 4.3). The
stiffer, less massive fibronectin layer on the ELAS 2000 may be a result of fibronectin
adsorbing in a flattened conformation, covering more surface area and preventing other protein
molecules from adsorbing. The less stifflayer which contained a higher quantity of fibronectin
on the ELAS 5000 may be caused by the fibronectin adsorbing in an "on-end" fashion, which
also allows more protein to fit on the surface. Such differences in conformation may also affect
the presentation and availability of integrin binding sites to attaching cells. Further studies on
protein conformation especially regarding the presentation of integrin binding sites may yield
information as to the mechanism driving differences in cell behavior. A similar difference in

conformation may occur when IgG is adsorbed to the elastomer surface. 1gG is a rigid, "Y-
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shaped" protein (Table 4.3) which may adsorb in on-end or side-on conformations. As with the
fibronectin, a difference in 1gG adsorption conformation is likely to result in differences in 1gG
layer mass and stiffness, both of which were observed in the radiolabelling and QCM-D data.
In vivo, these differences in immunoglobulin adsorption may affect the immune response to
the implanted biomaterial.

The reason for the differences in fibronectin and 1gG adsorption and conformation is
unclear. ELAS 2000 and ELAS 5000 differ only in their bulk water absorption, bulk modulus

and polymer chain flexibility. Protein adsorption is a surface phenomenon and so is unlikely

Fibronectin

e

ELASS5000

e AN AN

ELAS2000

Figure 4.4: Possible configurations of fibronectin (see Table 4.3) adsorbed to the elastomer surfaces. Top:
"On end" adsorption of fibronectin on ELAS 5000 allows for more protein as well as a less stiff protein
layer. Bottom: Adsorption of fibronectin on ELAS 2000 in a flattened orientation restricts available space
and forms a more rigid layer.

to be related to bulk properties. Surface water absorption, however, has been shown to affect
protein adsorption in hydrophilic materials[109,126] where the water can act as a steric
hindrance to the protein. To assess this possibility, ATR-FTIR scans were used to determine

differences in water absorption into the surface regions of ELAS 2000 and ELAS 5000 (Figure

4.5).
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The results show a larger quantity of water within the ELAS 5000 surface region at all
time points compared to the ELAS 2000 surface. Interestingly, this result contrasts with the
bulk water absorption trend. One explanation is that since the polymer chains in ELAS 5000
are more mobile, they are more able to change their orientations to create favorable interactions
and a diffuse polymer layer hydrated with the surrounding water.

The differences in water absorption and polymer chain flexibility may be the driving
force for differences in protein adsorption and fibroblast behavior. Berglin et al. suggested that
a stiffer polymer chain may force an adsorbing protein to change its conformation in order to
minimize the surface energy [75]. A more flexible polymer chain can adopt its own
conformation while preserving the native conformation of the protein. It may also be
statistically less probable that a large protein like fibronectin will be able to permanently
remain in a denatured conformation bound to several polymer chains if the chains are more
mobile.

Increased mobility and hydration of polymer chains may also be associated with a
greater entropic gain during protein adsorption and cell adhesion. Guiseppe et al. [67] found
that hydrogel chain flexibility was proportional to the ratio of water bound to the hydrogel
chains to bulk water. Fibroblasts were also found to proliferate more on hydrogels with a higher
bound to bulk water ratio. The authors hypothesized that protein adsorption to a hydrogel with
more bound water would induce a greater entropic change upon release of the bound water
molecules, resulting in more protein adsorption which could provide more cellular binding

sites.
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While this hypothesis concerns hydrogels, the present data suggests that the
hydrophobic ELAS surfaces may behave similarly. The surface of a hydrophobic elastomer
will absorb a small amount of water, creating an interfacial region where water is bound to
mobile polymer chains. The elastomer with more flexible chains should absorb more water at

the surface, which has been confirmed by FTIR analysis. Additionally, the competitive protein
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Figure 4.5: ATR-FTIR scans of ELAS 2000 and ELAS 5000 incubated in water for 0, 1, 4, and 24 hours.
Top: full spectrum; Lower left: expansion of water peak at 3350 cm-1 (stretching); Lower right:
expansion of water peak at 1650 cm-1 (bending).

adsorption data (from serum) showed that more total protein adsorbed to the more flexible

elastomer, which further confirms that chain mobility and entropy affect protein adsorption.
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Also of interest is how the entropy of the material surface may impact the types of
proteins being adsorbed. The individual adsorption data shows that more IgG adsorbed to the
less mobile elastomer, whereas more fibronectin adsorbed to the more mobile elastomer.
However, the adsorption from serum was also higher on the more mobile elastomer, suggesting
that 1gG is not a large component of the adsorbed serum layer. This result may also be due to
relative entropy gains from the release of water molecules bound to the proteins themselves.
Fibronectin is a large flexible protein (450 kDa) whereas 1gG is a smaller (150 kDa), rigid
protein. Fibronectin most likely experiences a greater entropy gain upon adsorption and so may
adsorb in greater quantities in a competitive environment despite its lower abundance in serum.

In addition, 1gG and fibronectin also adsorbed to form layers with different shear
moduli, suggesting a difference in adsorbed conformation. A more flexible polymer chain may
also discourage protein denaturation during adsorption. Denaturation during adsorption frees
more water bound to the protein and the surface. A higher entropy polymer chain may offset
the need for a protein to denature upon adsorption.

It is worth noting, however, that the result that a greater mass of fibronectin adsorbs to
the polymer surface with more flexible polymer chains contrasts with other results reported in
the literature. Both Seo et al. and Gonzalez-Garcia et al. found no influence of polymer chain
mobility on mass of fibronectin adsorbed. This discrepancy may be due to differences in
material properties, concentration of fibronectin or adsorption time. Gonzalez-Garcia et al.
measured fibronectin adsorption on polyacrylates with a similar contact angle to the ELAS
elastomer (approximately 80 degrees); however, the polyacrylates used were not crosslinked
and the range of Tg's reported were different from the ELAS T4. Additionally, the concentration

of fibronectin solution used by Gonzalez-Garcia et al. for the adsorption study was 20 pg/mL,
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about 10 times lower than the study presented here, which may have altered the adsorption
equilibrium or adsorbed protein surface density. Seo et al. reported no difference in mass of
fibronectin adsorbed to different crosslink densities of PDMS. This is most likely due to
differences in surface chemistry between PDMS and ELAS. The PDMS surface at all crosslink
densities is more hydrophobic than the ELAS surface. Predictably, the more hydrophobic
surface adsorbs more fibronectin due to a more favorable reduction in surface energy. In this
study, we measured a similar mass of fibronectin adsorbed to the PDMS control surface
(approximately 1 pg/cm?).

Despite the differences in fibronectin adsorption quantity between studies, substrates
with higher chain mobility are observed to have greater cell adhesion. Entropy has also been
hypothesized to be related to cell adhesion [60]. Increasing the length, and thus, mobility, of
an RGD graft improved cell spreading and decreased time to form focal adhesions [60]. One
possible explanation is that the higher the mobility of the integrin binding sites (either via
tethers or proteins adsorbed to polymer chains), the more accessible the integrin binding site
is to the integrin and the easier it is to form focal adhesions. On the other hand, Seo et al.
showed that fibronectin may adsorb to various crosslink densities of PDMS with different
conformations; however, the authors found no significant difference in the total number of
exposed RGD integrin binding sites [66]. In addition to the number of integrin binding sites
alone, cells may also be responding to the viscoelastic properties of the protein layer.
Fibronectin adsorbed to ELAS 5000 in higher amounts but formed a less stiff layer than when
adsorbed to ELAS 2000. Since cells are known to apply mechanical force to and partially

unfold fibronectin when attaching to and moving on biomaterial surfaces [108], stiffness of the
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fibronectin layer may also provide a means by which cells can sense information about their

surface.

4.5 Conclusion

Smooth muscle cells and fibroblasts proliferated in vitro on ELAS 5000, a lower
crosslink density elastomer, at a much faster rate compared to ELAS 2000, a higher crosslink
density elastomer. Both fibronectin and 1gG adsorbed to ELAS 5000 and ELAS 2000 in
different amounts and with different layer moduli. As the elastomers differ only in polymer
chain mobility between crosslink points, these results suggested that chain mobility at the
interface played an important role in determining the nature of protein adsorption. The ELAS
5000 absorbed more water at its surface compared to ELAS 2000, and the increased amount
of water may have caused the ELAS 5000 to experience greater entropic gains upon protein
adsorption compared to ELAS 2000, which in turn increased total protein adsorption from
serum and may have caused the differences in cell behavior. These results demonstrate that it
IS necessary to consider the adsorbed protein layer when examining the influence of polymer

stiffness on cell interactions with polymer surfaces.
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Chapter 5
Polymer Chain Flexibility-Induced Differences in In Fetuin A Adsorption

and its Implications for Cell Attachment and Proliferation

5.1 Objectives Completed

Chapter 5 describes the fulfillment of objective 2, which was to determine whether
polymer chain flexibility can affect the composition of the protein layer that adsorbs in a
competitive environment and additionally determine which protein(s) influenced the
difference in NIH3T3 fibroblast proliferation observed in chapter 4. NIH3T3 fibroblasts were
cultured on elastomers fabricated from 2000 g/mol and 5000 g/mol ASCP (ELAS 2000 and
ELAS 5000, respectively, referred to as E2 and E5 in this chapter) in DMEM supplemented
with 10% adult bovine plasma as a low growth comparison to fetal bovine serum (FBS) which
was used to supplement the previous NIH3T3 fibroblast culture. A relative quantitation
proteomics method (reductive methylation followed by tandem liquid chromatography-mass
spectrometry (LC-MS/MS)) was used to compare the amount of specific proteins that adsorbed
to ELAS surfaces of different stiffness from DMEM supplemented with 10% FBS or 10%
adult bovine plasma. A protein, fetuin A, was identified that adsorbed in significantly greater
quantities to the ELAS 5000 elastomer, which previously supported higher NIH3T3
proliferation in FBS supplemented media. Fetuin A with and without a growth factor (FGF-2)
was used to supplement serum free and plasma supplemented NIH3T3 fibroblast cultures to

determine fetuin A’s effect on NIH3T3 fibroblast proliferation.

54



Chapter 5 was submitted to Acta Biomaterialia and as of September 30, 2015 has been
reviewed as meriting consideration for publication pending revisions. All experiments and data
described herein were designed and collected by me with the exception of the reductive
methylation and LC-MS/MS which was collected at the University of British Columbia, Center
for High Throughput Biology, Proteomics Core Facility as a fee-for-service. SPR
measurements were performed by me at the Protein Function Discovery Facility at Queen’s

University. | am the first author on the manuscript.

5.2 Introduction

Mechanical properties of biomaterials, such as modulus and polymer chain flexibility,
are known to affect the attachment [4,10,53] and proliferation [64,79,131] of anchorage
dependent cells. However, the mechanism by which the cells sense material stiffness is not yet
clearly understood and is the subject of ongoing study. Cell response to a biomaterial is
believed to be mediated by the protein layer that adsorbs to the biomaterial surface [14,16], the
composition and configuration of which depends on the properties of the material surface [18].
Because cells appear to respond to material stiffness, it has been suggested that substrate
stiffness, itself, affects the composition and configuration of the adsorbed protein layer, which
subsequently drives cellular response [67,80].

Protein adsorption is primarily an entropically driven phenomenon; the adsorption of a
protein to a substrate frees water molecules bound to both the protein and the substrate’s
polymer chains, increasing the entropy of the system [18,129]. Material stiffness and thus

polymer chain flexibility at the interface may influence both the arrangement of the water
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molecules bound to the polymer chain and the configurational entropy of the chains
themselves, which may, in turn, influence the entropy increase that occurs upon adsorption,
and subsequently, the quantities or conformations of the proteins that adsorb [67,80].

Few studies have investigated the means by which material stiffness influences protein
adsorption. Previously, we cultured smooth muscle cells [79] and fibroblasts [80] in fetal
bovine serum supplemented medium on elastomer substrates of different stiffnesses formed
from crosslinking different molecular weights of an acrylated star-poly(D,L lactide-co-e-
caprolactone) (ASCP). For these elastomers, crosslink density impacts the material bulk
stiffness and flexibility of the polymer chains without altering surface chemistry. We found
that smooth muscle cell and fibroblast proliferation depended on the stiffness of the underlying
elastomer and hypothesized that this cell behavior was due to differences in protein adsorption
on the surfaces of these elastomers, driven by the difference in polymer chain flexibility at the
interface. This hypothesis was supported by initial findings that showed differences in the
average mass and viscoelastic properties of adsorbed layers of both individual proteins and
fetal bovine serum.

However, it was not possible to conclude if these differences in the properties of
adsorbed serum layers were due to differences in which proteins comprised the layers or
conformation of the proteins therein. As such, we were unable to determine if material stiffness
could affect the composition or conformation of the protein layers that adsorb in a serum
supplemented cell culture environment. Furthermore, the proteins examined in the individual
protein adsorption experiments (namely fibronectin and vitronectin) were selected due to their

well-known contribution to cell attachment and proliferation by way of acting as a source of
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integrin binding sites. However, it was unknown whether these proteins were actually affecting
fibroblast proliferation in the serum supplemented cell culture environment.

The objective of this study was to determine if polymer chain flexibility at the material
interface could affect the composition of protein layers adsorbed from serum as well as
determine which protein(s) could be responsible for the observed difference in 3T3 fibroblast
proliferation. Since we previously observed differences in the adsorption properties of
fibronectin, we hypothesized that fibronectin, or a similar cell adhesive protein, was adsorbing
from the serum supplemented media to the elastomer surfaces in different quantities or
conformations, affecting the number of integrin binding sites accessible to the cells, and thus
cell proliferation. However, due to the multitude of proteins in serum and plasma [132], protein
layers that adsorb from these media are comprised of potentially hundreds of different proteins,
and measuring the adsorption characteristics of single proteins alone does not capture the
complexities of multiple protein adsorption such as protein competition and replacement [133].

In this study, we used relative quantitation proteomics to determine the composition of
protein layers adsorbed from serum supplemented media to two different stiffnesses of ASCP
elastomer and attempted to identify which adsorbed protein(s) could be driving the previously
observed stiffness dependent fibroblast proliferation. Relative quantitation proteomics is a
powerful emergent technique for comparing the quantities of individual proteins on multiple
surfaces [134]. Upon identifying a protein, alpha-2-HS-glycoprotein (fetuin A), which
adsorbed asymmetrically to the elastomer, fetuin A layers on each elastomer were
characterized using surface plasmon resonance (SPR) and quartz crystal microbalance with

dissipation (QCM-D). Finally, fibroblasts were cultured on the elastomer surfaces in medium
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supplemented with fetuin A and with or without basic fibroblast growth factor (FGF-2) to

determine the protein’s effect on fibroblast proliferation.

5.3 Materials and Methods

Elastomers were prepared from 2000 g/mol and 5000 g/mol acrylated star-poly(D,L
lactide-co-e-caprolactone) (ASCP) according to the procedure described in Amsden et al.
[110]. Elastomers fabricated from 2000 g/mol and 5000 g/mol pre-polymer are henceforth
referred to as E2 and E5, respectively. These molecular weights were chosen because they
have been previously shown to induce different degrees of smooth muscle cell [79] and
fibroblast proliferation as well as adsorb different amounts of fibronectin, 1gG, and serum
proteins [80]. To prepare the ASCP, a 1:1 molar ratio of D,L-lactide (Purac, The Netherlands)
and e-caprolactone (Fluka, Switzerland) were added to a flame dried glass ampoule with
glycerol (Fisher Scientific, Canada) as the initiator, and tin(ll) 2-ethylhexanoate (Sigma,
Canada) as a catalyst. The ampoules were sealed under vacuum and reacted for 24 h at 130 °C.
For these polymers, the molecular weight is controlled by the ratio of moles of glycerol : moles
of monomer added to the polymerization. The resulting polymer was dissolved in dry
dichloromethane (Fisher Scientific, Canada) and acrylated at their termini by the drop-wise
addition of acryloyl chloride (Sigma, Canada), in the presence of triethylamine (Sigma,
Canada) and dimethylaminopyridine (DMAP) (Sigma, Canada) as a catalyst. The resulting
ASCP prepolymer was purified by overnight precipitation in cold (-20 °C) isopropanol (Fisher

Scientific, Canada). Number average molecular weights (2100 g/mol and 5200 g/mol for E2
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and E5, respectively) with degrees of acrylation (above 99% for both pre-polymers) were

assessed using *H-NMR (500 MHz, Bruker).

5.3.1 Microsphere Preparation

To increase the available surface area for protein adsorption, E2 and E5 elastomers
were fabricated as microspheres. ASCP pre-polymers were dissolved in toluene in a 1:1 w/v
ratio with 2,2 dimethoxy-2-phenyl-acetophenone (DMPA) (Sigma, Canada) as a
photoinitiator. 3 mg photoinitiator was added per gram of pre-polymer. 4 mL de-ionized (DI)
water and a small stir bar were added to a 5 dram glass vial. 1 mL of pre-polymer was pipetted
into the stirred vial (1200 rpm) in a thin stream. A UV light (Lightningcure LC8, Hamamatsu)
was then placed over the stirring vial to crosslink the pre-polymer droplets (300-400 nm
wavelength, 30 mW/cm?, 5 min). Crosslinked microspheres were removed from the water by
sieving over a 22 um sieve and were dried in an oven at 120°C for 10 minutes, then overnight
at room temperature to remove excess water and solvent before use. Microsphere diameter was
measured by image analysis (Image J) of SEM images (Hitachi S-2300 SEM, 15 kV) (Fig. A.6
and Fig. A.7). Average microsphere diameters for the E2 and E5 microspheres were 184 + 57

um and 370 + 132 um respectively.

5.3.2 Protein Adsorption

To determine which proteins adsorbed to E2 and E5 in a cell culture environment,
Dulbecco’s modified Eagle’s medium (DMEM, D6429, Sigma, Canada) supplemented with

10% fetal bovine serum (FBS, Fisher Scientific, Canada) and DMEM supplemented with 10%
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adult bovine plasma (with 10 U/mL sodium heparin, Cedarlane, Canada) were incubated with
E2 and E5 microspheres at 37 °C for 24 hours. 2 mL microcentrifuge tubes were filled with
either 0.5 g of E2 or 1 g of E5 microspheres, equalizing the available adsorption surface area.
The microspheres were incubated in unsupplemented DMEM for 12 hours prior to protein
adsorption. The unsupplemented media was then removed and replaced with 1 mL of FBS or
plasma supplemented DMEM and the microspheres were stirred with a spatula to ensure
complete coverage of the microspheres. The tubes were incubated at 37 °C for 24 h. After 24
h, the DMEM was aspirated and the microspheres were rinsed with 3 washes of 1 mL DI water
to remove any excess protein. 0.250 mL of 0.5% sodium dodecyl sulfate (SDS, Fisher
Scientific, Canada) was added to each tube, which was then heated to 95 °C for 5 minutes and
vortexed for 1 minute. The SDS/protein solutions were removed from the microsphere tubes
and the proteins were precipitated from the SDS using an ethanol precipitation. Briefly, a 0.750
mL ethanol, 20 uL of 2.5 M sodium acetate (Fluka, The Netherlands), and 20 ug glycogen
(Sigma, Canada) was added to each protein solution. Solutions were incubated at room
temperature for 2 hours, followed by centrifuging at 13500 rpm for 10 minutes. The

supernatant was aspirated and the protein pellet was lyophilized and stored at -80 °C.

5.3.3 Protein Identification and Quantitation

Proteins adsorbed to E2 and E5 were identified and relatively quantified using
reductive methylation followed by LC-MS/MS. All the procedures described herein were
performed by the Proteomics Core Facility (PCF) at the Center for High Throughput Biology

(CHIBiI) at the University of British Columbia (UBC) according to the methods described in
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Boersema et al. [135]. Lyophilized protein samples described above were reconstituted and
digested with porcine trypsin and dried by vacuum centrifugation for 30 minutes. The dried
protein digests were reconstituted in triethylammonium bicarbonate. Undeuterated (CH-O and
NaBH3:CN) and deuterated (CD2O and NaBD3CN) formaldehyde and sodium
cyanoborohydride were added to the E2 and E5 protein digests, respectively, labeling the
digested peptides with either undeuterated or deuterated methyl groups. Labeled peptides were
injected into a linear-trapping quadrupole — Orbitrap mass spectrometer (LTQ-Orbitrap Velos,
ThermoFisher Scientific) coupled to an Agilent 1290 Series HPLC using a nanospray
ionization source (ThermoFisher Scientific) including a 2-cm-long, 100-um-inner diameter
fused silica trap column, 50-um-inner diameter fused silica fritted analytical column and a 20-
um-inner diameter fused silica gold coated spray tip (6-um-diameter opening, pulled on a P-
2000 laser puller from Sutter Instruments, coated on Leica EM SCDO005 Super Cool Sputtering
Device). The trap column was packed with 5 um-diameter Aqua C-18 beads (Phenomenex,
www.phenomenex.com) while the analytical column is packed with 3.0 um-diameter Reprosil-

Pur C-18-AQ beads (Dr. Maisch).

The HPLC system included an Agilent 1290 series Pump and Autosampler with
Thermostat. The thermostat temperature was set at 6°C. Buffer A consisted of 0.5% aqueous
acetic acid, and buffer B consisted of 0.5% acetic acid and 80% acetonitrile in water. Samples
were resuspended in buffer A and loaded with the same buffer. Standard 120 min gradients
were run from 10% B to 25% B over 60 min, then from 25% B to 60% B in the over 20 min,
then increased to 100% B over 7 min period, held at 100% B for 2.5 min, and then dropped to
0% B for another 20 min to recondition the column. Approximately 4 pg of sample was loaded

on the trap column at 5 pl./min. The analysis was performed at 0.1 pL/min.
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Mass spectrometry was performed using the following source parameters: 500V end
plate offset, 4500V Capillary, with the nebulizer at 0.4 Bar, and 180 degree drying gas at 4
L/min. Mass spectra were collected over the 120 run time for the 100-2200 m/z mass range,
collecting MS/MS spectra on the top 15 multiply charges precursor ions, using intensity based

summing times, and a dynamic exclusion list.

The acquired peak areas were processed by Proteome Discoverer 1.3 (Thermo
Scientific) using an untargeted analysis method. The protein identification was performed with
the Mascot algorithm (v. 2.4) against a database of bovine protein sequences using the
following parameters: peptide mass accuracy 10 parts per million; fragment mass accuracy 0.6
Da; trypsin enzyme specificity, fixed modifications — carbamidomethyl, variable modifications
— methionine oxidation, deamidated N, Q and N-acetyl peptides, ESI-TRAP fragment
characteristics. Peptides with lonScores exceeding the individually calculated 99% confidence
limit or the 1% false discovery rate were considered as accurately identified. The peptide count
is the sum of the peptide sequences of each protein identified over all samples and is an
approximation of a protein’s relative abundance. The results are given as the ratio of protein
fragments identified on the E5 surface versus the E2 surface for three independent samples.
For protein quantification ratios, values of greater than 1.5 and less than 0.5 are considered

significant.

5.3.4 QCM-D Sensor Coating

Fetuin A (Sigma, Canada) was adsorbed individually to E2 and E5 surfaces to

determine differences in protein layer mass and viscoelastic properties when adsorbed to
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elastomer surfaces of different crosslink densities. Viscoelastic properties (thickness, shear
modulus, and viscosity) were quantified using a quartz crystal microbalance with dissipation
(QCM-D E1, Q-Sense). QCM-D sensors were coated according to the procedure described in
Vyner et al. [80]. QCM-D sensors (Au, 4.95 MHz, 14 mm diameter, Q-Sense) were coated
with ASCP prepolymer by spincoating (WS-400, Laurell Technologies). 1 mL of a 1% solution
of ASCP pre-polymer in ethyl acetate (Fisher Scientific, Canada) with DMPA photoinitiator
(3 mg photoinitiator per gram pre-polymer) was pipetted drop-wise onto a spinning sensor
(4000 rpm, 5 min). The pre-polymer coated sensors were crosslinked under UV light (30
mW/cm?, 5 min), dried overnight to remove excess solvent and stored in a desiccator when not

in use.

5.3.5 QCM-D Measurements

QCM-D measurements of fetuin A adsorption were performed using the methods
described in Vyner et al. [80]. To summarize, coated sensors were inserted into the QCM-D
chamber and a baseline frequency and dissipation was established using phosphate buffered
saline (PBS) (Sigma, Canada) (50 uL/min, 8 hours). Fetuin A solution (2 mg/mL or 20 mg/mL
in PBS) was then pumped into the flow cell chamber (50 puL/min) for 10 minutes until the
chamber was filled. The fetuin A solution flow rate was stopped and the fetuin A allowed to
adsorb statically for 12 hours, approximating the adsorption that takes place on the elastomer
surface in an in vitro cell culture (n=5). Fetuin A layer thickness, viscosity and shear moduli
measurements were calculated using the Kelvin-Voigt viscoelastic model, assuming 1.4 g/mL

as the density of a protein [119]. These fetuin A solution concentrations were chosen to
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represent the concentration of fetuin A in 10% FBS supplemented culture media and 100%

FBS, respectively [136].

5.3.6 Surface Plasmon Resonance

Surface plasmon resonance (SPR) was used to measure the mass of the fetuin A layer
adsorbed from solution on E2 and E5. SPR sensor coating and SPR measurements were
performed according to the methods in Vyner et al. [80]. SPR sensor chips (Au, Biacore) were
coated with ASCP pre-polymer (20 puL of 0.1 mg/mL solution in ethyl acetate with 3 mg
DMPA photoinitiator per 1 gram pre-polymer). The solvent was evaporated and the coated
sensor was cross-linked under UV light (60 seconds, 30 mW/cm?). The coated SPR sensors
were dried overnight before the experiment. To measure the fetuin A adsorption, coated SPR
sensors were inserted into SPR flow cell chamber (Biacore 3000, Biacore, Sweden) and a
baseline measurement was achieved using PBS flow (10 uL/min, 5 min). After a baseline was
established, 330 uL of fetuin A (2 mg/mL or 20 mg/mL) was injected into the flow cell and
the coated sensor was exposed to the protein solution for 30 minutes. Following adsorption,
the sensor was rinsed with PBS (10 pL/min) to remove loosely bound protein. Adsorbed
protein mass was measured as the difference between the post-rinse signal (measured at 4000
s) and the baseline (measured at 500 s). Adsorbed masses were calculated as the average *

standard deviation of 3 sensors with 4 independent flow cells per sensor.
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5.3.7 Cell culture

To determine if fetuin A was responsible for the previously observed [80] crosslink
density dependent 3T3 proliferation on the E2 and E5 surfaces, cell culture experiments were
performed with plasma, fetuin A, and basic fibroblast growth factor (FGF-2) supplemented
media (Table 5.1). ASCP pre-polymer was fabricated according to the procedure described
above and dissolved in 50 pL ethyl acetate per gram ASCP with 3 mg DMPA as photoinitiator
per 1 gram of pre-polymer. 50 pL of the pre-polymer solution were pipetted into the wells of
a 96 well TCPS tissue culture plate. The plates were loosely covered in aluminum foil to
prevent premature crosslinking and incubated at room temperature overnight to remove
residual solvent. The pre-polymer coated wells were then crosslinked under long-wave UV
light (300-400 nm, 30 mW/cm?, 5 minutes), sterilized under shortwave UV light for 30 minutes
in a biological safety cabinet, and incubated in unsupplemented DMEM for 24 hours before
cell seeding in order to ensure sterility. Frozen NIH-3T3 murine fibroblasts were thawed and

expanded in DMEM supplemented with 10% FBS for 1 week

Table 5.1: Media supplementation for cell culture experiments

Figure Label on graphs Plasma Fetuin A FGF-2
(10%) (2 mg/mL) (37 pg/mL)
Figure 5.1B | E2andE5 + P +
. E2 and E5 + Fet + P + +
Figure 5.3A E2and E5 + P "
. E2 and E5 + Fet +
Figure 5.3B E2 and E5
E2 and E5 + Fet + FGF + P + + +
Figure 5.4A | E2 and E5 + FGF + P + +
E2and E5 + P +
E2 and E5 + Fet + FGF + +
Figure 5.4B | E2 and E5 + FGF +
E2 and E5
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before seeding. For all cultures, the cells were passaged with 10X trypsin (Sigma, Canada),
centrifuged and rinsed twice in unsupplemented DMEM to remove the FBS before the addition
of the experimental culture media (Table 5.1). The cells were counted by hemocytometer, re-
suspended in the experimental media and seeded at a density of 10,000 cells per well (n = 6).
Cell culture was maintained for 14 days with time points at days 1, 3, 7, and 14 for the fetuin
A supplemented culture and days 1, 3, 7, 10, and 14 for all other cultures. The medium in each

well was changed every other day.

5.4 Statistics

Measurements are reported as the average value * standard deviation of n replicates.
Significant differences in the cell culture experiments were determined using a two way
ANOVA followed by a Bonferroni post-hoc test (Prism 6, GraphPad, USA). Significant
differences in adsorbed protein mass (SPR data) and protein layer viscoelastic properties
(QCM-D data) were determined using a Student's t-test. Populations were considered
significantly different at values of p<0.05. Differences in relative quantities of proteins from
the LC-MS/MS proteomics data were considered significant at ratios of above 1.5 or below

0.5.
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5.5 Results

5.5.1 NIH3T3 fibroblast culture with FBS and adult bovine plasma

NIH3T3 immortalized murine fibroblasts were cultured on elastomers prepared from
2000 g/mol (E2) and 5000 g/mol (E5) ASCP pre-polymers in DMEM supplemented 10% fetal
bovine serum (FBS) (Fig. 5.1A, reprinted from Vyner, et al., 2013 [80]) and 10% adult bovine
plasma as a low growth control (Fig. 5.1B), with tissue culture polystyrene (TCPS) as a
comparison surface. The fibroblasts proliferated more on the less stiff elastomer (E5) when
cultured in FBS supplemented media over 14 days, whereas, when cultured on the stiffer

elastomer (E2), the cells decreased in number after day 7. No proliferation or differences in
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Figure 5.1: NIH3T3 fibroblast number when cultured on E2 and E5 surfaces over 14 days in (A) 10%
FBS supplemented DMEM (reprinted with permission from Elsevier from Vyner et al., 2013 [80]) and
(B) 10% adult bovine plasma supplemented DMEM. *p < 0.05 compared to E2 surface. **p < 0.05
compared to both E2 and E5 surfaces (n=6).

proliferation were observed when the fibroblasts were cultured in 10% adult bovine plasma on
the elastomer surfaces (Fig. 5.1B). Fibroblasts cultured on TCPS reached confluence when
cultured in serum and plasma supplemented media after 7 and 3 days, respectively.
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5.5.2 Quantitative Proteomics

Relative quantitation proteomics analysis [137] was used to determine the identities

and ratios of proteins that adsorbed to E2 and E5 surfaces from FBS supplemented media in

order to ascertain which protein(s), if any, were influencing fibroblast proliferation on the

elastomer surfaces (Table 5.2). Because higher NIH3T3 fibroblast proliferation was observed

on the E5 elastomer, it was hypothesized that proteins that aid in cell attachment adsorb in

significantly greater quantities to the E5 surface. Additionally, because NIH3T3 fibroblasts do

not grow on the elastomer surfaces when cultured in adult plasma supplemented media (Fig.

5.1B), a similar proteomics analysis was performed on proteins adsorbed to the elastomers

from plasma supplemented media as a control to identify proteins that may influence fibroblast

proliferation (Table 5.3).

Table 5.2: Ratios (E5:E2) of proteins that adsorbed from FBS supplemented media

Protein Name Peptide Sample 1 | Sample2 | Sample 3
Count Ratio Ratio Ratio
Serum albumin [ALBU_BOVIN] 105 0.657 0.729 0.901
Alpha-1-antiproteinase [ALAT_BOVIN] 49 0.693 0.926 n.d.
Alpha-2-macroglobulin [A2MG_BOVIN] 27 0.433 3.489 1.248
Serotransferrin [TRFE_BOVIN] 24 0.576 2.321 1.682
Alpha-2-HS-glycoprotein [FETUA_BOVIN] 18 2.073 1.846 1.516
Fetuin-B [FETUB_BOVIN] 9 n.d. 0.829 0.895
Apolipoprotein A-1 [APOA1_BOVIN] 8 1.285 1.060 n.d.
Complement C3 [CO3_BOVIN] 8 0.591 n.d. 1.087
Hemoglobin fetal subunit beta [HBBF_BOVIN] 7 2.749 n.d. n.d.
Complement factor H [CFAH_BOVIN] 7 1.004 n.d. n.d.
Hemoglobin subunit alpha [HBA_TRAST] 3 3.060 n.d. n.d.
Vitamin D-binding protein [VTDB_BOVIN] 2 n.d. 1.824 n.d.
Inter-alpha-trypsin inhibitor heavy chain H3 2 n.d. n.d. 0.865

n.d. = not detected
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Table 5.3: Ratios (E5:E2) of proteins that adsorbed from adult bovine plasma suppl. media

Protein Name Peptide Samplel | Sample2 | Sample 3
Count Ratio Ratio Ratio
Bovine serum albumin [SWISS-PROT:P02769] 683 0.888 0.828 1.382
FGG protein [Q3SZZ9_BOVIN] 340 0.816 0.650 0.877
Complement C3 [CO3_BOVIN] 197 0.646 0.484 0.721
Fibrinogen alpha chain [ASPJE3_BOVIN] 182 0.760 0.546 0.872
Serotransferrin [G3X6N3_BOVIN] 128 1.000 0.676 1.435
Haptoglobin [G3X6K8_BOVIN] 82 0.614 0.449 0.703
Serpin A3-2 [SPA32_BOVIN] 55 0.892 0.000 1.359
Inter-alpha-trypsin inhibitor chain H4 [FIMMD7_BOVIN] 53 0.842 0.600 1.230
Vitamin D-binding protein [FIN5M2_BOVIN] 37 0.904 0.654 1.259
Plasminogen [E1B726_BOVIN] 35 0.679 0.526 0.831
Complement factor H [FIMC45 _BOVIN] 32 0.501 0.401 0.822
Hemopexin [HEMO_BOVIN] 30 0.740 0.534 1.259
Kininogen-1 [FIMNV5_BOVIN] 18 0.972 0.604 1.583
Primary amine oxidase, [AOCX_BOVIN] 15 0.714 0.607 1.192
Complement C5a [FIMY85_BOVIN] 14 0.785 1.087 0.722
Serpin A3-8 [SPA38_BOVIN] 14 0.427 0.000 3.690
Lipopolysaccharide-binding protein [FLIMNN7_BOVIN] 12 0.779 0.523 0.500
Complement factor B [TREMBL:Q3KUS7] 12 0.767 0.275 1.145
C-reactive protein [C4T8B4_BOVIN] 12 0.000 0.000 0.703
Cumulus cell-specific fibronectin 1 trans. [B8Y9TO_BOVIN] | 10 0.638 0.621 1.195
Gelsolin [FIMJH1_BOVIN] 9 0.673 0.230 0.639
Alpha-1-B glycoprotein [TREMBL:Q2KJF1 8 0.561 0.000 0.747
Complement component C7 [FIN045_BOVIN] 8 1.023 0.525 0.553
Hemoglobin subunit beta [SWISS-PROT:P02070] 8 0.000 0.000 1.004
Antithrombin-I11 [FIMSZ6_BOVIN] 7 0.986 0.894 1.198
Hemoglobin subunit alpha [SWISS-PROT:P01966] 6 0.643 0.000 0.580
Complement component C6 [FIMM86_BOVIN] 6 0.459 0.000 0.584
Inter-alpha-trypsin inhibitor chain H2 [FIMNW4_BOVIN] 5 0.777 0.462 1.027
Complement C1g subcomponent subunit B [CLQB_BOVIN] |5 0.506 0.000 0.536
Inter-alpha-trypsin inhibitor chain H1 [FIMMP5_BOVIN] 5 0.828 0.000 0.827
Coagulation factor VV [FINOI3_BOVIN] 4 0.376 0.000 0.577
Glutathione peroxidase [G3X8D7_BOVIN] 4 1.698 0.000 3.271

The composition of the protein layers adsorbed from fetal serum and adult plasma

reflects the composition of the respective source solutions from which they are adsorbed.

Serum albumin is the most abundant protein adsorbed from both solutions, followed by alpha-

1-antiproteinase from fetal serum and fibrinogen from adult plasma. Despite our earlier

hypothesis, no differences were detected in the adsorption of fibronectin, or any other protein
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that supplies integrin binding sites, on the elastomers in the presence of fetal serum. This result
suggests that such proteins were not responsible for influencing differences in 3T3
proliferation on these elastomers when cultured in serum supplemented medium.

In the adsorbed serum layer, a few proteins were identified that adsorbed preferentially
to the E5 surface, in at least one of the samples, and were considered to have possibly been
responsible for the previously observed difference in cell proliferation: alpha-2-HS-
glycoprotein (fetuin A), alpha-2-macroglobulin, and serotransferrin. Of these three proteins,
fetuin A was considered the most logical candidate for further investigation for three reasons.
Firstly, fetuin A has been previously suggested to influence cell attachment and proliferation
[138]. While its biological function is still undefined, fetuin A is known to bind large quantities
of calcium [138] and is believed to improve cell attachment by promoting annexin binding
[139,140]. Secondly, there was a significant difference in the quantity of adsorbed fetuin A
between the E2 and E5 surfaces for all three proteomics samples despite FBS batch-to-batch
variation, which is consistent with our repeatable cell proliferation results [79,80]. Thirdly,
fetuin A is present in high abundance in protein layers adsorbed from fetal serum but is not
present in protein layers adsorbed from adult plasma, which is consistent with the result that
fibroblast proliferation on the elastomers only occurs in FBS supplemented media.

Finally, it should be noted that there may be proteins differentially adsorbed to the
elastomers that are undetectable by LC-MS/MS due to low abundance, such as integrin binding
proteins, for which no differences in adsorbed quantity were detected. While it is possible that
one or more of these proteins may also influence cell behavior, we do not believe that they
would be responsible for the observed differences in cell proliferation, due to their low

abundance. Because integrin binding proteins provide physical anchorage to cells, a low
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abundance of integrin binding proteins present on a surface would not be able to contribute a
significant number of integrin binding sites to attaching cells. Therefore, because these integrin
binding proteins did not appear to be present on these elastomers in quantities high enough to
detect, they were not considered to be significantly contributing to the previously observed

difference in fibroblast proliferation.

5.5.3 Fetuin Adsorption

Surface plasmon resonance (SPR) and quartz crystal microbalance with dissipation
(QCM-D) were used to quantify the mass (Fig. 5.2A), thickness (Fig. 5.2B), shear modulus
(Fig. 5.2C), and viscosity (Fig. 5.2D) of fetuin A layers adsorbed to E2 and E5 surfaces. SPR
measurements quantify the “dry mass” of the protein (i.e. the mass of the protein layer
excluding bound water), whereas QCM-D measurements are considered “wet measurements”
and include the contribution of water molecules bound within the protein layer after adsorption.
For both concentrations, significantly more fetuin A adsorbed to the E5 surface, consistent
with the FBS proteome results. The fetuin A layers adsorbed to E5 were both thicker and
possessed a lower shear modulus. Comparatively, the “dry masses” (SPR measurements) of
these layers are more similar than the “wet thicknesses” measured by QCM-D (approximately
7 times thicker on the E5 surface), suggesting that the fetuin A adsorbed to the E5 surface
contains much more bound water compared to the E2 surface, which may indicate indicating
a difference in adsorbed fetuin A conformation on the elastomer surfaces. Interestingly, these

significant differences are less pronounced when the
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Figure 5.2: Mass and viscoelastic properties of the fetuin A layer adsorbed to the E2 and E5 surfaces
from solutions of 2 mg/mL and 20 mg/mL fetuin A in PBS. (A) Fetuin A layer mass, (B) thickness,
(C) shear modulus, and (D) viscosity. *p < 0.05 compared to E2 surface, (n=5).

fetuin A solution is of higher concentration. It is likely that the elastomer surfaces were
saturated with tightly adsorbed protein at both concentrations. However, because the protein
was adsorbed in the absence of flow (static adsorption), the protein layers that adsorbed from
the higher concentration solution probably included more loosely bound protein, which was

incorporated into the thickness measurements.
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5.5.4 Fetuin supplemented fibroblast culture

To determine if fetuin A was influencing cell proliferation on the two elastomers,
NIH3T3 fibroblasts were cultured on E2 and E5 surfaces in DMEM supplemented with 2
mg/mL fetuin A, with (Fig. 5.3A) and without (Fig. 5.3B) 10% adult bovine plasma. For both
the plasma and non-plasma cultures, supplementation with fetuin A significantly improved
attachment on both elastomers compared to the cultures without fetuin A supplementation.
Furthermore, fetuin A significantly improved the cell attachment on the E5 surface compared
to the E2 surface when added to DMEM supplemented with 10% plasma. No differences in
cell attachment were observed between the elastomer surfaces when fetuin A was added to
DMEM without plasma. It is possible that, when adsorbed in the presence of plasma, the fetuin

A that adsorbed to the E2 surface was replaced by other proteins, while the fetuin A
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Figure 5.3: NIH3T3 fibroblast number when cultured over 14 days on the E2 and E5 surfaces in
DMEM supplemented with (A) 10% plasma, 2 mg/mL fetuin A and (B) 2 mg/mL fetuin A, only. *p <
0.05 compared to non-fetuin A group, **p < 0.05 compared to E2 surface, (n=6).
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that adsorbed to the E5 surface was more tightly bound and resisted replacement. However,
when fetuin A was the only protein present in the media, it adsorbed in similar monolayers on
both surfaces, which elicited a similar cell response. Finally, in the absence of fetuin A,
attachment was significantly improved with the presence of plasma on both the E5 and E2
surface, most likely due to the presence of adsorbed fibrinogen, which can act as a source of
integrin binding sites [141].

After day 1, cell number decreased and did not increase again over 14 days, suggesting
that fetuin A alone is not responsible for the observed difference in fibroblast proliferation.
Because the original fibroblast proliferation result was observed in a fetal serum supplemented
environment and not in an adult plasma supplemented environment, it was hypothesized that
fetuin A acts in conjunction with a growth factor present in serum to promote fibroblast
proliferation. To determine the effect of fetuin A in the presence of a growth factor on fetuin
supplemented culture, 3T3 fibroblasts were cultured in DMEM supplemented with 10%
plasma, fetuin A (2 mg/mL), and basic fibroblast growth factor (FGF-2, 37 pg/mL) (Fig. 5.4A)
or fetuin A and FGF-2 alone (Fig. 5.4B). FGF-2 was chosen because it is a relatively abundant
growth factor in FBS, but is present in very low concentrations in adult bovine plasma [132].

Cells grown in media supplemented with plasma, fetuin A and FGF-2 proliferated after
day 10 on the E5 surface, but no proliferation occurred on the E2 surface. This result resembles
the previously observed NIH3T3 fibroblast proliferation result (Fig. 5.1A), however the onset
of proliferation was delayed (after day 10 vs. after day 3) compared to the previous result. In
the absence of fetuin A, despite the addition of growth factor, no proliferation occurred on

either elastomer surface.
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Figure 5.4: NIH3T3 cell number when cultured over 14 days on the E2 and E5 surfaces in DMEM
supplemented with (A) fetuin A (2 mg/mL), FGF-2 (37 pg/mL) and 10% plasma or (B) fetuin A (2
mg/mL) and FGF-2 (37 pg/mL), only. *p < 0.05 compared to E2 surface, **p < 0.05 compared to E5
+ FGF + P and E5 + P, (n=6).

Fibroblasts grown without plasma supplementation did not proliferate over 14 days.
Cells grown in fetuin A and FGF-2 supplemented media without plasma maintained their

number longer than the FGF-2 and unsupplemented groups, but decreased in number after day
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3, suggesting that other plasma/serum proteins in addition to fetuin A are necessary for cells

to attach and proliferate beyond the initial days of culture.

5.6 Discussion

Previously, NIH3T3 fibroblasts were found to proliferate more on a less stiff elastomer
when cultured in FBS supplemented media. It was hypothesized that the observed difference
in cell proliferation on the different elastomer surfaces was due to a difference in the proteins
that adsorbed to the surfaces from the serum-supplemented culture media. Polymer stiffness is
dependent on chain mobility, and bulk elasticity is reflected in surface elasticity [84]. The
purpose of this study was two-fold: to determine if polymer chain mobility at the interface
could affect the protein layers that adsorb from competitive protein environments (e.g. FBS or
plasma supplemented media) and to identify which adsorbed protein(s), if any, could be
responsible for the observed difference in fibroblast proliferation.

NIH3T3 fibroblasts cultured in 10% FBS proliferated on the E5 surfaces much more
than the E2 surface, however fibroblasts cultured in 10% plasma supplemented media did not
proliferate at all. Compared to FBS, adult plasma is comprised of greater amounts of fibrinogen
and immunoglobulins, and lower concentrations of fetal proteins and growth factors
[132,142,143]. That the fibroblasts did not proliferate on either elastomer in adult plasma
supplemented environments, suggested that the protein(s) responsible for the difference in
fibroblast growth on the elastomer surfaces was(were) likely to be of much lower abundance
in adult plasma. Interestingly, 3T3 cells attached in higher numbers and reached confluence on

TCPS surfaces faster when cultured on TCPS surfaces in adult plasma supplemented media.
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This is likely due to a higher concentration of fibrinogen (not found in FBS) adsorbed to the
TCPS surfaces in plasma supplemented environments. Additionally, the fibrinogen adsorbed
to relatively hydrophilic TCPS may be adsorbed in a conformation that exposes more of its
integrin binding sites than on the hydrophobic elastomer surfaces. A higher concentration of
integrin binding sites would promote both attachment and proliferation of 3T3 cells.

The composition of the protein layers adsorbed to the elastomers from fetal serum and
adult plasma reflect their relative abundance in the source solution [132,144], and elastomer
stiffness affected the composition of protein layers adsorbed in a competitive adsorption
environment. Previously, we proposed that polymer chain mobility influenced the
configurational entropy and arrangement of the water bound to the polymer chains at the
polymer aqueous interface, which affected the adsorption of proteins from single protein
solutions. In our previous study, ATR-FTIR measurements showed that despite no difference
in surface chemistry, the elastomer with more flexible polymer chains (E5) absorbed more
water into its surface compared to E2 [80]. Additionally, other studies have emphasized the
influence of absorbed and bound water in the adsorption of individual proteins and cell
response [67,77].

Similar principles would apply to a competitive adsorption environment, such as serum
or plasma supplemented cell culture media. In solutions of multiple proteins, small, abundant
proteins adsorb first, and may be replaced later by larger proteins of lower abundance, which
frees more bound water and generates an increase in the entropy of the system. A difference in
system entropy prior to adsorption via differences in polymer chain flexibility may alter the

likelihood that a particular protein will adsorb or, in a competitive environment, whether an
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adsorbed protein will be replaced, leading to a difference in the final composition of the
equilibrium protein layer.

The adsorbed serum proteomics analysis also identified a protein that adsorbed
preferentially to the E5 surface: alpha-2-HS-glycoprotein (fetuin A), which we considered to
be a likely candidate as a protein responsible for influencing fibroblast proliferation.
Approximately twice as much fetuin A adsorbed to the E5 surface compared to the E2 surface
and the fibroblast proliferation on the E5 surface was more than two-fold greater. When fetuin
A was adsorbed individually to the elastomers, differences were measured in adsorbed protein
mass, layer thickness and shear modulus, indicating differences in adsorbed protein
conformation [75] or compositional differences such as more water bound in the protein layer.
Because fetuin A is a calcium binding protein, it is possible that the protein conformation and
amount of water bound in the protein layer are also related to the calcium binding capabilities
of the protein. A thinner, stiffer protein layer suggests that fetuin A is adsorbed in a more
unfolded conformation on the E2 surface, which has reduced its ability to support cell
proliferation.

Fibroblasts cultured in serum free media with adult plasma, fetuin A, and FGF-2 (Fig.
5.4A) increased in cell number on the E5 surface only, resembling the fibroblast number trends
observed in the earlier culture (Fig. 5.1A), and suggesting that the presence of surface adsorbed
fetuin A combined with at least one growth factor influenced fibroblast proliferation. In the
absence of fetuin A and/or plasma, however, no proliferation occurred on either surface,
implying that the presence of fetuin A, alone, is not sufficient to support proliferation and other
proteins and growth factors present in plasma may also contribute to the fibroblast response.

Additionally, the onset of proliferation was delayed (after day 10 vs. after day 3) compared to
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the previous result (Fig. 5.1A), suggesting that there are most likely other growth factors and/or
proteins present in FBS that interact with fetuin A to improve proliferation. Possible candidates
for other growth factors are IGF and TGF-1, both of which are highly abundant in FBS [132].

Previously, fetuin A has been investigated as a supplement added to serum free media
where it improved attachment and proliferation for a variety of cell types [145-147]. However,
this study is the first to associate cell proliferation to quantities of fetuin A adsorbed to a
biomaterial surface. Given its ability to bind calcium, a fetuin A influenced increase in cell
proliferation could be due to a local increase in calcium concentration at the material surface.
An increase in calcium may improve cell attachment via cadherin and annexin binding, both
of which are calcium dependent. Though no differences in integrin binding proteins were
detected on the elastomer surfaces, they may have been present below the limit of detection of
the proteomics method. Integrin binding is known to mediate cellular behavior via intracellular
calcium concentration [148]. Though the amount of integrin binding proteins on the surfaces
may have been low, a high local concentration of calcium may have improved the efficacy of
integrin binding. An increase in the local calcium concentration may also improve the efficacy
of growth factors and the activity of growth factor receptors. High affinity fibroblast growth
factor receptors are able to bind calcium, which alters the receptor conformation and is
hypothesized to stabilize interactions between the receptor and cell adhesion molecules or
other growth factors [149]. Further calcium depletion studies must be performed to determine
whether the Fetuin A improves cell attachment and/or proliferation via calcium binding
mechanisms. Fetuin A, therefore, may be useful as a biomaterial co-coating or co-surface
modifier, as an inexpensive method to improve cell attachment and proliferation when used in

conjunction with integrin binding proteins/peptides or added growth factors.
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Given this discussion of calcium binding mechanisms, it is important to note the
sources of calcium present in in vitro cell culture systems. DMEM comes in many formulations
which may vary in calcium concentration. Additionally, many proteins (e.g. albumin, fetuin
A) found in FBS and adult plasma bind calcium and may increase the calcium concentration
in the culture media when used as supplements. 3T3 fibroblasts, specifically, have been shown
to reach a proliferative maximum at calcium concentrations above 0.5 mM [150], far below
the calcium concentration in the basal DMEM used here (1.8 mM), before the addition of
FBS/adult plasma. Fetuin A is hypothesized here to promote growth by affecting the local
calcium concentration at the material surface, however further studies which both deplete
calcium and increase calcium concentration would be useful in determining the extent to which
fetuin A may function to influence 3T3 proliferation.

Finally, this research emphasizes the importance of investigating competitive protein
adsorption instead of the adsorption of individual proteins, as well as the use of quantitative
proteomics to investigate protein adsorption to biomaterials and improve biomaterial
compatibility. There is a prominent focus in biomaterials literature on the adsorption of
proteins that provide integrin binding sites as a way to improve cell attachment and
proliferation on tissue scaffolds. The proteome data presented here shows that integrin binding
proteins were not present in different quantities on these surfaces and, therefore, suggests that
such proteins are unlikely to be responsible for the differences in fibroblast attachment and
proliferation observed. Instead, cell attachment and proliferation appear to be mediated via
calcium dependent attachment mechanisms. Emphasis on adsorption of, and cellular response
to, individual protein layers gives an incomplete understanding of protein adsorption in vivo or

in vitro. As proteomics technology improves, more focus should be directed to investigating
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biomaterial interactions with complete serum in contrast to plasma environments, and the

subsequent effects on cell behavior.

5.7 Conclusions

The objective of this work was to determine the effect of polymer chain flexibility on
protein adsorption in a competitive protein adsorption environment. We also wanted to
determine if a previously observed polymer chain flexibility dependent fibroblast proliferation
was due to the adsorption of a particular protein(s). The proteomics results showed that
polymer chain flexibility affected protein adsorption in competitive adsorption environments
such as FBS and adult bovine plasma supplemented culture media. Identification and relative
quantitation of protein adsorbed to the elastomers from FBS supplemented media suggested
that the adsorption of fetuin A on the elastomer surfaces may be influencing cell proliferation.
Further cell culture experiments showed that fetuin A improved cell proliferation over 14 days
when plasma and FGF-2 were also present in the media, suggesting that fetuin A acts in
conjunction with other proteins and growth factors to mediate cell proliferation. Because fetuin
A appears to be acting at the material surface, possibly by increasing the local calcium
concentration, it may be useful as a biomaterial co-coating or co-surface modifier along with

cell adhesion molecules to improve cell attachment or the efficacy of growth factors.
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Chapter 6
The Effect of Poly(trimethylene carbonate) Molecular Weight on

Macrophage Behavior and Enzyme Adsorption and Conformation

6.1 Objectives Completed

Chapter 6 describes fulfillment of objective 3 which was to determine whether the
molecular weight dependent macrophage mediated degradation of poly(trimethylene
carbonate) (PTMC) was due to a difference in macrophage attachment, macrophage activity
or enzymatic activity on the 60 kg/mol and 100 kg/mol PTMC surfaces (60PTMC and
100PTMC, respectively). It was hypothesized that 100PTMC degrades faster than 60PTMC
because the macrophages either adhere in greater numbers or secrete more degradative species
on the 100PTMC surface. 60PTMC and 100PTMC surface hydrophilicity, bulk modulus,
surface modulus, glass transition temperature, surface roughness and surface water absorption
were determined by water contact angle, double indentation test, nano-indentation, DSC,
AFM, and ATR-FTIR, respectively. RAW 264.7 macrophages were cultured on 60 kg/mol
and 100 kg/mol PTMC surfaces and macrophage attachment and proliferation, reactive oxygen
species secretion and esterase secretion were measured. To compare the susceptibility of
60PTMC and 100PTMC to enzymatic degradation, 60PTMC and 100PTMC were incubated
in solutions of cholesterol esterase and lipase, two enzymes which are thought to be responsible
for the degradation of PTMC. Enzymatic adsorption quantity, thickness, shear modulus and
viscosity were measured by SPR and QCM-D.
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Chapter 6 was published in Biomaterials on August 7, 2014. All experiments and data
described herein were performed and collected by me with the exception of the experiment
measuring the enzymatic degradation of PTMC (Figure 6.3), which was performed by Anne
Li, an undergraduate thesis student under my supervision and the nano-indentation
experiments performed by Tong Liu at the Department of Mechanical and Mechatronics
Engineering, University of Waterloo as a fee-for-service. SPR experiments were performed by
me in the Protein Function Discovery Facility at Queen’s University. | am the first author of

the paper and Anne Li is listed as second author.

6.2 Introduction

High molecular weight poly(trimethylene carbonate) (PTMC) is increasingly being
investigated as a biomaterial for soft tissue regeneration [1,151,152], surgical devices
[81,153,154], and drug delivery applications [155-157]. This interest is, in part, due to its
degradation mechanism. PTMC degrades in vivo but, unlike the commonly used poly(hydroxy
acids) such as poly(lactide-co-glycolide), does not do so via hydrolysis and does not yield
acidic degradation products [82,158]. Rather, PTMC degrades in vivo via macrophage
mediated enzymatic and/or oxidative degradation as a result of frustrated phagocytosis
[65,103]. Upon failure to engulf the material, macrophages attach to the surface and secrete
hydrolytic enzymes and reactive oxygen species to attempt to degrade the surface [159].

Interestingly, the in vivo degradation behavior of PTMC is molecular weight
dependent. PTMC with molecular weight greater than 100 kg/mol has been reported to degrade

faster in vivo than lower molecular weight (<70 kg/mol) PTMC [82]. Similar degradation

83



behavior has been reported for other poly(alkylene carbonates) such as poly(ethylene
carbonate) (PEC) [160].

The reason for the molecular weight dependent degradation rate of PTMC is, as yet,
unclear and there is evidence for different mechanisms. PTMC is known to be susceptible to
enzymatic degradation by cholesterol esterase [161] and lipase [82]. Zhang et al. observed that
in vitro incubation in lipase alone resulted in faster degradation of 291 kg/mol PTMC
compared with 69 kg/mol PTMC. This result was proposed to be caused by the greater
hydrophilicity of the lower molecular weight surface after aqueous conditioning, which could
alter the conformation of the enzyme when adsorbed at the PTMC interface, thereby reducing
its activity [162].

It has also been suggested that the primary degradation mechanism of both PTMC and
PEC is oxidation [103,163,164]. Oxidative degradation occurs in vivo as part of frustrated
phagocytosis when macrophages attach to the material surface and secrete reactive oxygen
species such as nitrates/nitrites, hydroxyl radicals and superoxide anions [165]. Of these, the
superoxide anion is believed to be responsible for the in vivo oxidative degradation of PTMC
[65,103,163,166].

A third explanation for the difference in degradation rate may be that the macrophages
preferentially attach to, or are more active on, PTMC with molecular weights greater than 100
kg/mol PTMC as compared to PTMC with molecular weights lower than 70 kg/mol [74]. For
example, the molecular weight of PTMC may influence the polymer surface properties, such
as chain mobility or orientation of hydrophilic regions of the polymer chain, which, in turn,
may influence the adsorption of adhesive or antibody proteins such as fibronectin and

immunoglobulins [60,75,66,80]. A difference in quantity or conformation of proteins may then
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affect macrophage attachment, secretion of reactive oxygen species, or production of
degradative enzymes [74].

In this study, we attempted to determine the reason for the molecular weight
dependence of degradation rate observed with PTMC. Macrophage number and the secretion
of both reactive oxygen species and esterase were measured when cultured on the surfaces of
60 kg/mol PTMC and 100 kg/mol PTMC in vitro. To determine whether there were differences
in enzyme conformation following adsorption to the 60PTMC and 100PTMC surfaces, we also
examined the quantity and viscoelastic properties of adsorbed cholesterol esterase and lipase,
two enzymes implicated in the macrophage mediated degradation of poly(alkylene carbonates)

[65,82,167].

6.3 Materials and Methods

6.3.1 PTMC Synthesis

Poly(trimethylene carbonate) was synthesized from trimethylene carbonate (TMC)
monomer by ring-opening melt polymerization. TMC monomer (Biomatrik, China), initiator
and stannous 2-ethylhexanoate (Fisher Scientific, Canada) catalyst were placed in a flame-
dried glass ampoule and flame-sealed under vacuum. Molecular weights were targeted at 60
kg/mol (60PTMC) and 100 kg/mol (L00PTMC). 1-pentanol (Sigma Aldrich, Canada) was used
as an initiator for the preparation of 60PTMC. For 100PTMC, no initiator was added and
residual water served as the acting initiator. The polymerization proceeded for 15 h at 130 °C.
After polymerization was completed, the PTMC was dissolved in dichloromethane (DCM,

Fisher Scientific, Canada), filtered through a 20 pum filter (P8, Fisherbrand) to remove glass
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particles, and purified by precipitation in methanol at -20 °C. Molecular weight was measured
using gel permeation chromatography (GPC, Viscotek GPCmax VE 2001) at 25 °C using
tetrahydrofuran (THF, Fisher Scientific, Canada) as the eluent (1 mL/min). Molecular weight

was determined by a universal calibration using a polystyrene standard.

6.3.2 Contact Angle Measurements

Sessile drop water contact angles were measured on films of 60PTMC and 100PTMC.
To form the films, a 0.3 g/mL PTMC in DCM solution was pipetted onto glass coverslips (22
mm X 22 mm), covered with aluminum foil to prevent the formation of bubbles, and dried
overnight. Even layers were confirmed by caliper measurement of the edge thickness of the
coated coverslips. Coating thickness was approximately 0.7 mm. Contact angles were
measured for both dry samples and samples that had been conditioned for 24 h and 7 days in
distilled water. For these measurements, 1 pL of distilled water was deposited on the surface
of the flat, coated coverslip. (VCA Optima XE, AST Products Inc.). Measurements were taken
after 30 seconds of equilibration. Contact angles are reported as the average + standard

deviation of 3 samples with 5 drops measured at random locations per sample.

6.3.3 Glass Transition Temperature Measurements

Glass transition temperatures (Tg) of 60PTMC and 100PTMC were measured using
differential scanning calorimetry (DSC 1, Mettler Toledo). The samples were cooled to -45 °C

and run using a heating-cooling-heating cycle from -45 to 25 °C. Glass transition temperatures
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were determined for both dry samples and samples that had been conditioned in distilled water
for 24 h (n=2) and 7 days (n=2). Glass transition temperatures were measured from the second

heating cycle.

6.3.4 Water Uptake Measurement

Water uptake was determined by gravimetric analysis. Dry samples (n=2) of 60PTMC
and 100PTMC were weighed and conditioned in distilled water for 24 h and 7 days. Surface
water was removed by blotting with Kimwipes™ before weighing the samples a second time.

Water content is reported as average percent mass gained after conditioning in water.

6.3.5 Enzymatic Degradation of pTMC

Discs (6 mm diameter, 0.3 mm thick) were punched from films of 60PTMC and
100PTMC and incubated in solutions of porcine pancreas cholesterol esterase [168] (1 U/mL,
phosphate buffered saline (PBS), Worthington) and lipase [169] (Thermomyces languinosus,
>100,000 U/mL, Sigma, used as received). The discs were dried and weighed prior to
incubation. Enzyme solutions were replaced every other day. Samples were removed from the
solutions at 1, 5, 7 and 9 weeks. At each time point, the PTMC samples were removed from
the enzyme solution, rinsed in distilled water, lyophilized for 48 h and weighed. Degradation

is reported as percent of original mass lost (n=3).
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6.3.6 Macrophage Culture

Macrophages were cultured on 60PTMC and 100PTMC surfaces to determine
differences in cell number, esterase production and ROS/superoxide anion production.
60PTMC and 100PTMC were dissolved in DCM (0.3 g/mL). The PTMC solutions were
pipetted into the wells of 96-well TCPS plates (50 uL/well). Coated well plates were dried for
16 h, sterilized under UV irradiation in a laminar flow hood for 30 min and conditioned in
media for 12 h prior to seeding. RAW 264.7 immortalized murine monocyte derived
macrophages were seeded in the coated wells, as well as into uncoated TCPS wells to act as a
comparison surface, at a density of 30,000 cells/cm?. The cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic. The medium

was replaced every other day.

6.3.7 Macrophage Culture Analysis

Adherent macrophages were removed from the wells prior to analysis. 200 pL of non-
enzymatic cell dissociation media (Sigma) was added to the wells. Macrophages were then
removed from the wells by scraping followed by sonication for 30 seconds.Macrophage
number was determined by a fluorescent DNA binding assay (Quantifluor, Promega, n=6) and
ROS/superoxide production was measured using a ROS/superoxide fluorescent detection Kit
(Enzo, n=6). Macrophage esterase production was determined by measuring the change in
absorbance of p-nitrophenol (pNP) which is generated when active esterases hydrolyze p-
nitrophenyl acetate (pNPA) [170] (n=6). Briefly, 50 puL of sample cell suspension and 50 uL

of phosphate buffer (50 mM, pH 7.4) were pipetted into the wells of a black 96-well assay
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plate. 20 uL of pNPA (10 mM, DMSO) were added to the wells with a multichannel pipette.
Absorbance of pNP (410 nm) was immediately measured for 90 seconds with one
measurement per second. Activity of esterase was measured as change in absorbance of pNP

(410 nm) per second.

6.3.8 Scanning Electron Microscopy

To acquire images of PTMC degradation by macrophages, the bottoms of cell culture
inserts (PET, Falcon, 12 well format) were coated with 60PTMC and 100PTMC (0.3 g/mL in
DCM), covered in aluminum foil and allowed to dry overnight. Coated cell culture inserts were
sterilized by UV irradiation in a laminar flow hood and conditioned in media for 12 h prior to
cell seeding. Cells were seeded at 30,000 cells/cm?. At days 1 and 14, the cells were removed
from the PTMC surfaces by incubation in non-enzymatic cell dissociation solution (Sigma) for
5 min. The surfaces were dehydrated in a graduated ethanol series and chemically dried
overnight using hexamethyldisilazane. After drying, the cell culture insert membranes were
cut out of the inserts using a scalpel, affixed to SEM stubs, sputter coated with gold (10 mA, 4
min), and imaged using a Hitachi S-2300 scanning electron microscope at an accelerating

voltage of 15 kV.

6.3.9 QCM-D Sensor Coating

Thickness, modulus and viscosity of enzyme layers adsorbed to 60PTMC and

100PTMC were quantified using a quartz crystal microbalance with dissipation (QCM-D E1,
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Q-Sense). Gold QCM-D sensors (4.95 MHz, 14 mm diameter, Q-Sense) were spin-coated
(WS-400, Laurell Technologies) with a 1% solution of PTMC in chloroform. 50 pL of the
solution was pipetted onto the stationary sensor before spinning (1400 rpm, 5 min). The coated
sensors were dried overnight at room temperature and stored in a desiccator until used. The
thickness and surface roughness of the polymer coating were determined using QCM-D

measurements and atomic force microscopy, described below, respectively.

6.3.10 QCM-D Protein Adsorption

Dry PTMC coated sensors were inserted into the QCM-D chamber. Phosphate buffered
saline (pH 7.4, Sigma) was flowed over the sensor (50 uL/min) for 8 h until stable frequency
and dissipation baselines were measured. Enzyme solution (1 mg/mL cholesterol esterase in
PBS or 1 mg/mL lipase (porcine pancreas, Sigma in PBS) was then flowed into the sensor
chamber (50 puL/min) for 10 min until the chamber was filled. The flow of the enzyme solution
was then halted and the enzyme allowed to adsorb statically for 24 h, approximating the

adsorption that takes place in a static degradation study (n=3).

6.3.11 Surface Plasmon Resonance

Surface plasmon resonance was used to quantify mass of enzyme adsorbed from a
solution of cholesterol esterase (1 U/mL) or lipase (1 mg/mL). Unmodified gold SPR sensor
chips (Au, Biacore) were coated with 60PTMC and 100PTMC. Briefly, 20 uL of a 0.1 mg/mL

solution of PTMC in chloroform was pipetted onto the surface of a SPR sensor. The coated
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SPR sensors were dried for 8 h before the experiment. The sensors were inserted into the SPR
(Biacore 3000, Biacore, Sweden) and PBS was flowed over the sensor until a baseline
measurement was achieved (400 seconds). 330 pL of enzyme solution was then injected into
the flowcell (10 pL /min). The coated sensor was exposed to the enzyme solution for 1800
seconds. Following adsorption, PBS was injected into the flow cell as a rinse step. Adsorbed
protein mass was measured as the difference in signal between the stabilized post-rinse data

and the baseline.

6.3.12 ATR-FTIR

Surface water adsorption was measured by attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy [171]. The water stretching (3350 cm™) and bending (1650
cm™) peaks were used as indicators. 60PTMC and 100PTMC were fabricated according to the
method described above and incubated in water for up to 7 days. Samples were removed from

the water and scanned at 0 min, 15 min, 30 min, 1 h, 2.5h,6 h, 24 h,5d and 7 d.

6.3.13 Atomic Force Microscopy

Surface roughness of PTMC slabs (n=3) and spin-coated sensors (n=1) was determined
by atomic force microscopy. 60PTMC and 100PTMC was prepared in slabs or spin coated
onto gold QCM-D sensors as described above. A Veeco Multimode Microscope equipped with

a Nanoscope Illa Controller with a Veeco Probes TESP AFM tip was operated in tapping mode
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to scan the surfaces. Root-mean-squared roughness (Rq) was quantified using the NanoScope

V6.13 Software (Veeco).

6.3.14 Dual Indentation Testing

PTMC bulk modulus and Poisson's ratio was measured by a dual indentation test. 0.3
g/mL solutions of 60PTMC and 100PTMC in DCM were cast onto glass coverslips in 1.5 cm
x 1.5 cm squares and dried overnight, covered to prevent the formation of bubbles. The PTMC
polymer slabs were removed from the coverslips and sample height was measured on all sides
using calipers. Sample height was approximately 1 mm. The indentation test was performed
using two circular indenters with 1 mm and 2 mm diameters on dry PTMC samples (n=2) and
samples that had been soaked in water for 24 h (n=2). The deformation rate was 0.03 mm/sec
(TA.XT plus Texture Analyzer, Stable Micro Systems). Poisson ratio and Young's modulus
was calculated by Hayes' method [172] using the slope of the linear regression of the applied

stress versus applied strain between 5% and 20% strain.

6.3.15 Nanoindentation Testing

Surface modulus 60PTMC and 100PTMC were measured by nanoindentation. Samples
were prepared by the same method as the samples for dual indentation described above.
Nanoindentation was performed using an atomic force microscope (AFM, Park Systems, XE-

100) on both dry PTMC and PTMC which had been soaked in water for 24 h. Indentation depth
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was approximately 1.5 um and the deformation rate was 50 nm/sec. Young’s modulus was

calculated from force-displacement data using the Hertzian model [173] (n=3).

6.3.16 Statistics

Measurements are reported as the average value * standard deviation of n replicates.
Statistical significance of the cell culture data was determined using a two way ANOVA
followed by the Bonferroni post-hoc test (Prism6, GraphPad, USA). All other significances
were determined using a Student's t-test. For glass transition temperature, dual indentation and
nanoindentation testing measurements, standard deviations were pooled between samples of

the same molecular weight. Data was considered statistically significantly different at p<0.05.

6.4 Results and Discussion

6.4.1 Polymer Characterization

60PTMC and 100PTMC were measured for surface roughness (Rq), polymer chain
mobility (Tg), surface hydrophilicity (water contact angle), bulk water content and bulk and
surface modulus (Table 6.1). Coated QCM-D sensors were also measured for roughness and
surface hydrophilicity to ensure that the spin coating procedure had not changed any surface
properties of PTMC. No significant differences were measured in roughness, bulk modulus
or hydrophilicity. The values obtained for bulk water contact angles agree with previous
measurements reported by Zhang et al. for the dry polymer and the 24 h conditioned polymer
[82]. However, after 7 days of conditioning in aqueous media, Zhang et al. reports a dramatic

decrease in contact angle for the lower molecular weight PTMC (to about 55 degrees), while
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our results show no significant differences. The significant decrease in PTMC contact angle
after 7 days of conditioning in agueous media may have been due to delamination of the spin
coated PTMC layers from the glass coverslips, exposing the underlying glass and lowering the
contact angles. The contact angles in the present study were measured on slabs 0.7 mm thick,
ensuring complete coverage of the underlying glass. Significant differences were measured
between glass transition temperatures (Tg) for 60PTMC and 100PTMC that had been
conditioned in water. As expected, soaking decreased the glass transition temperature for both

molecular weights of PTMC due to plasticization by absorbed water [174].

Table 6.1: Bulk and surface properties of dry and wet 60PTMC and 100PTMC

60PTMC 60PTMC 60PTMC 100PTMC  100PTMC 100PTMC

(Dry) (Wet) 24h  (Wet) 7d (Dry) 1d (Wet) 24h (Wet) 7d
M, (g/mol) 61,000 102,000
Bulk Ry (nm) 46+0.3 45+05
Sensor Rq (nm) 1.2 2.4
T, (°C) -16.3+03 -195+02 -191+08 -154+06 -16.0%+04 -16.3+0.1
Water Content (%) 3x1 31 2+1 41
Bulk Contact Angle (°)  75+%2 77+2 76+1 80+1 75+1 74+1
Sensor Contact Angle (°) 792 801 811 8l+1
Bulk Modulus (MPa) 11+04 11£02 13+02 14+01
Surface Modulus (MPa) 1.17£0.04 0.82 +0.02 1.34+0.05 1.09+0.06

No significant differences were measured in bulk modulus between the 60PTMC and
100PTMC. However, the surface moduli measured by nanoindentation were significantly
different between both dry and wet 60PTMC and 100PTMC. Furthermore, upon soaking in
water for 24 h, the surface modulus of 100PTMC decreased 19% while that of the 60PTMC

decreased 30%. Both glass transition temperature and surface modulus are associated with
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polymer chain flexibility. The surface modulus results suggest that the polymer chains at the

surface of 60PTMC become much more mobile in aqueous conditions.

6.4.2 Macrophage Behavior

Day 1 50x Day 14 50x Day 14 500x

60PTMC

100PTMC

Figure 6.1: SEM images of 60PTMC and 100PTMC at days 1 and 14 with macrophages removed. No
degradation is observed on the 60PTMC surface at day 14, while significant degradation is observed
on the 100PTMC surface, evidenced by the presence of cavities on the surface.

RAW 264.7 murine macrophages were cultured on the surfaces of 60PTMC and
100PTMC. At days 1 and 14 the macrophages were removed and the surfaces were imaged
for signs of degradation. Neither the 60PTMC nor 100PTMC surface showed any sign of
degradation at day 1. By day 14 there was significant pitting on the surface of 100PTMC,
while no pitting was observed on the 60PTMC surface (Figure 6.1).

Cell number, superoxide anion (O2), reactive oxygen species (ONOO", NO", H203,
OH"), and esterase production per cell were measured over 14 days (Figure 6.2). The initial
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number of macrophages attached at 24 h (Figure 6.2A) was similar for all three surfaces. By
10 days, macrophage number was maintained on the TCPS surface but had decreased
significantly on both the 60PTMC and 100PTMC surfaces. Throughout the time period, there

was no difference in macrophage number between the PTMC surfaces.
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Figure 6.2: Macrophage attachment and proliferation (A), superoxide anion secretion per cell (B),
Reactive oxygen species secretion per cell (C), and esterase secretion per cell (D) over 14 days on
60PTMC, 100PTMC and TCPS. *p<0.05, (n=6).

No significant differences were observed in superoxide anion production per cell with
the exception of day 10, which did not continue through day 14 (Figure 6.2B). No significant
differences were observed in the production of other ROS/cell between any of the surfaces at

any time point, though overall ROS production increased over 14 days (Figure 6.2C). Between
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the PTMC surfaces, the macrophages on the 100PTMC surface secreted more superoxide anion
than those on the 60PTMC on day 7 and significantly so on day 10. Previous literature findings
suggested that the superoxide anion is the reactive oxygen species primarily responsible for
the degradation of PTMC [103,161]. However, the difference in ROS/superoxide secretion on
the two PTMC surfaces by day 14 is minimal and not large enough to explain the reported

difference in PTMC degradation rates with respect to molecular weight.

6.4.3 Enzymatic Degradation

100+
-+ 100PTMC-CE
__ 80- -+ 100PTMC-L
> -~ 60PTMC-CE
@ 60- - 60PTMC-L
S
w 404
0"
©
= 20
0-
0 2 4 6 8 10

Figure 6.3: Degradation of 60PTMC and 100PTMC by cholesterol esterase (CE) and lipase (L), (n=3).

To determine differences in rates of enzymatic degradation in the absence of
macrophages, 60PTMC and 100PTMC were incubated in solutions of cholesterol esterase and
lipase and the mass loss was measured over 9 weeks. By 9 weeks, the 100PTMC incubated in

the cholesterol esterase and lipase solution had lost 98% and 39% of its mass, respectively.
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The 60PTMC experienced less than 4% and 2% mass loss, respectively. Cholesterol esterase
was more active than lipase on the surface of 100PTMC. These results show that both enzymes
have different activities on the 60PTMC and 100PTMC surfaces in the absence of
macrophages and suggest that enzymatic activity is responsible for the reported molecular

weight dependence of degradation rates of the PTMC surfaces.

6.4.4 Enzyme Adsorption

A quartz crystal microbalance with dissipation (QCM-D) was used to monitor the
adsorption of cholesterol esterase and lipase on the PTMC surfaces over 96 and 25 h,
respectively. The QCM-D frequency and dissipation data shows differences in adsorption
pattern on the 60PTMC and 100PTMC surfaces, which could be indicative of a difference in
adsorption conformation of the enzyme. The cholesterol esterase adsorption to the 100PTMC
is accompanied by a frequency (F5) decrease and dissipation (D5) increase (Figures 6.4A and
C), indicating mass increase and a greater amount of bound water up to 36 h when the
cholesterol esterase begins to degrade the surface. The cholesterol esterase adsorption to the
60PTMC is accompanied by a frequency increase and dissipation decrease indicating overall
mass decrease as a result of loss of bound water. The mass loss can be attributed to loss of
bound water, as the 60PTMC surface is not degraded by the cholesterol esterase within 96 h

(Figure 6.3).
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Figure 6.4: QCM-D frequency (F5) and dissipation (D5) data (5™ overtone) for the adsorption of
cholesterol esterase over 96 h (A) and 30 min (C) and lipase over 24 h (B) and 30 min (D) on 60PTMC
and 100PTMC.

Lipase also shows differences in adsorption pattern on the two surfaces. While lipase

adsorption on both 60PTMC and 100PTMC is associated with decreases in frequency and

increases in dissipation, adsorption on the 60PTMC reaches equilibrium at 10 min while lipase

adsorbing to the 100PTMC surface requires more than 25 h to reach equilibrium. These

differences in adsorption pattern suggest that the adsorption mechanism of cholesterol esterase

and lipase changes when adsorbing on the 60PTMC and 100PTMC surfaces. In particular, the

data suggests differences in enzyme interactions with polymer-surface bound water and overall

enzymatic conformation following adsorption.



Surface plasmon resonance (SPR) was used to measure the adsorbed layer mass, and
viscoelastic modeling of QCM-D data was used to measure the shear thickness, modulus and
viscosity of the adsorbed enzyme layers. Significantly more cholesterol esterase mass adsorbed
to the surface of 100PTMC compared to 60PTMC (Figure 6.5A). There was no significant
difference in the thickness of the cholesterol esterase layer on the two PTMC surfaces (Figure
6.5B), which, at 25 nm is several times larger than the size of a cholesterol esterase molecule
(5.2 nm [175]). This is likely due to loosely bound protein that associates with the adsorbed
protein layer in a static adsorption environment [176,177]. Significant differences were found
in both cholesterol esterase layer modulus (Figure 6.5C) and viscosity (Figure 6.5D) on the
two PTMC surfaces.

About twice as much cholesterol esterase adsorbed to the 100PTMC, however this
difference, alone, does not explain the slower in vivo degradation of 60PTMC, since the
enzyme is clearly present on the 60PTMC surface as well. However, the shear modulus and
viscosity differences between the two adsorbed enzyme layers suggest that this enzyme is
adsorbing in different conformations on the PTMC surfaces [178,179]. The cholesterol esterase
may be adsorbing to the 60PTMC surface in a denatured conformation or a conformation in
which its active site is less capable of accessing the PTMC carbonate group.

No significant differences were measured for the adsorbed lipase layer in any of the properties
with the exception of layer thickness (Figure 6.5B). Lipase is a globular protein with a
hydrodynamic radius of approximately 3.2 nm [180]. The measured enzyme layer thickness is
about 30 times the hydrodynamic diameter, suggesting that, as was the case for the cholesterol
esterase, in a static adsorption environment, lipase may be loosely associating or aggregating

on top of the lipase adsorbed to the PTMC. What the difference in thickness suggests, however,
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is that the lipase is associating or aggregating differently on the two PTMC surfaces which
may also be due to differences in lipase conformation that result when adsorbed to the 60PTMC

surface versus the 100PTMC surface.
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Figure 6.5: Mass (A), thickness (B), shear modulus (C) and viscosity (D) of cholesterol esterase and
lipase adsorbed to 60PTMC and 100PTMC surfaces. *p<0.05, (n=3).
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6.4.5 Surface Water Absorption

The extent of hydration of a polymer can affect the quantity and conformation of
adsorbed proteins [174]. To determine differences in water absorption at the PTMC surfaces,
PTMC slabs were soaked in water for 0, 15 min, 30 min, 1 h, 2.5 h, 6 h, 24 h, and 7 days and
analyzed by ATR-FTIR (Figure 6.6). The water stretching (3350 cm™) peak was used as an
indicator for absorbed water. The 60PTMC surface absorbed water faster; however, by 7 days,

there was no difference in the amount of water absorbed by the two PTMC surfaces.
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Figure 6.6: ATR-FTIR scans of 60PTMC (top group) and 100PTMC (bottom group) incubated in
water for 0 min, 15 min, 30 min, 1 h, 2.5 h, 6 h, 24 h, 5 days and 7 days (lines top to bottom).

It is possible that despite similar amounts of surface water adsorption there may be
differences in local hydrophilicities between the PTMC surfaces. The 60PTMC may be able
to adopt a more hydrophilic interface in response to the agueous environment, compared to the

100PTMC, exposing its hydroxyl groups and reducing the interfacial energy at the surface.
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Zhang et al. suggested that the difference in lipase activity on PTMC surfaces of differing
molecular weights was due to an increase in hydrophilicity of the 60PTMC after 7 days which
interfered with the conformation of the enzyme [82]. However, in this study, no significant
difference in contact angle was observed on the PTMC surfaces at any time point, yet the
enzymes still degraded 100PTMC significantly faster than 60PTMC.

Glass transition temperature and surface moduli data showed a significant difference
in polymer chain mobility between 60PTMC and 100PTMC when the polymers were
conditioned in water for 24 h. Polymer chain mobility has previously been proposed as an
explanation as to why some polyesters were degradable by lipases while others were resistant
to degradation [181,182]. It was hypothesized that long chain polymers were required to be
mobile enough to form a protruding "loop" in the enzyme solution in order to make their target
site accessible to the enzyme. This conclusion does not seem to apply to the present study,
however, where the less mobile 100PTMC chains were more susceptible to degradation
compared to the more mobile 60PTMC chains. It may be that for these PTMC surfaces the
increased flexibility of 60PTMC interferes with enzymatic attachment.

Polymer chain mobility has also been hypothesized to affect protein adsorption and
conformation [75,66,80]. Protein adsorption is primarily driven by the increase in entropy
caused by “freeing” water bound to the polymer chains [67,129,183]. Though there were no
differences measured in the quantity of water absorbed to the PTMC surfaces, there may be
differences in the interaction of the water molecules with the polymer chains. Both differences
in water arrangement and differences in polymer chain mobility (and thus, mobility of the

water bound to the chains) could affect the total entropy gained during protein/enzyme
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adsorption. An increase or decrease in entropy could affect the amount or conformation of the
adsorbed enzyme, and thus activity of the enzyme between the two surfaces [67].

The QCM-D frequency and dissipation data showed that cholesterol esterase freed
more water when adsorbing to the 60PTMC surface, as well as adsorbing in a lower quantity
and different conformation compared to the 100PTMC surface. It is proposed that the
difference in entropy caused by differences in polymer chain mobility and water interaction
causes the cholesterol esterase to adopt a conformation upon adsorption to 60PTMC that is less

active, resulting in a much slower degradation rate for 60PTMC compared to 100PTMC.

6.5 Conclusion

PTMC with molecular weights above 100 kg/mol has been reported to degrade faster
in vivo than PTMC with molecular weights below 70 kg/mol, which may be due to differences
in macrophage behavior, or enzymatic adsorption or activity on the surface[82]. Macrophages
attached in equal amounts and secreted mostly equivalent amounts of ROS, superoxide anion,
and cholesterol esterase when cultured on the 60PTMC and 100PTMC surfaces. Thus, the
difference in the degradation rate of the PTMC with respect to molecular weight could not be
due to differences in macrophage response to the polymer surfaces. Enzymatic degradation
and adsorption experiments using cholesterol esterase and lipase demonstrated that the 100
kg/mol PTMC was degraded more rapidly than the 60 kg/mol PTMC, and that the difference
in PTMC degradation rates with respect to polymer molecular weight was due to the nature of
the enzyme interaction with the surfaces. Cholesterol esterase adsorbed in greater quantities to
the 100PTMC surface, and also in a significantly less stiff and more viscous protein layer. The

time dependent adsorption data showed that both cholesterol esterase and lipase appear to
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interact differently with surface bound water when adsorbing to the 60PTMC or 100PTMC
surface. Since the two molecular weights of PTMC differ only in polymer chain mobility, this
result suggests that the polymer chain mobility at the interface affects the conformation of the
enzyme adsorbed to the polymer chains. It is proposed that polymer chain mobility affects the
arrangement or entropy of the water molecules bound to the polymer chains, which then affects
the entropy gained when the enzyme adsorbs and the surface is dehydrated. The difference in
water arrangement and entropy may affect the amount or conformation, and thus activity, of

the enzyme adsorbed on the PTMC surfaces.
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Chapter 7
The Effect of Protein Adsorption and Subsequent Macrophage Activity on
Acryl star-Poly(D,L lactide-co-e-caprolactone) Elastomer and

Poly(trimethylene carbonate) Degradation

7.1 Completed Objectives

Chapter 7 describes the fulfillment of Objective 4, which was to determine whether the
faster macrophage mediated degradation rate of 2100PTMC compared to ELAS 5000, despite
similar susceptibility to enzymatic degradation, was due to a difference in macrophage
attachment or activity at the surfaces driven by a difference in protein adsorption. 100PTMC
and ELAS 5000 differ in polymer chain flexibility and surface chemistry, and thus may adsorb
different quantities of proteins from plasma-supplemented culture. It was hypothesized that the
higher degradation rate of 100PTMC is due to either higher levels of macrophage attachment
or that the macrophages secrete more degradative enzymes on the 100PTMC surface due to
higher levels of adsorbed opsonins, such as immunoglobulins or complement. 100PTMC and
ELAS 5000 were incubated in solutions of cholesterol esterase and lipase so as to confirm
similar susceptibility to enzymatic degradation. RAW 264.7 monocyte derived macrophages
were cultured on 100PTMC and ELAS 5000 surfaces in an adult bovine plasma supplemented
environment and cell attachment and proliferation, and esterase, reactive oxygen species, and
superoxide anion secretion were measured. Relative quantitation proteomics was used to
compare the proteins that adsorbed to the 100PTMC and ELAS 5000 surfaces from adult

bovine plasma.
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All experiments described herein were designed and completed by me with the
exception of the reductive methylation and LC-MS/MS which was completed at the
Proteomics Core Facility at the Center for High Throughput Biology, University of British
Columbia as a fee-for-service, and the nano-indentation of ELAS 5000 performed by Tong Liu
at the Department of Mechanical and Mechatronics Engineering, University of Waterloo as a
fee-for-service. | performed the SPR measurements in the Protein Function Discovery Facility,

Queen’s University.

7.2 Introduction

Polymers and elastomers fabricated from lactide, caprolactone and trimethylene
carbonate monomers are currently under investigation as biomaterials for a variety of soft
tissue applications due to their tailorable mechanical and degradation properties [83,184,185].
Of these polymers, polycarbonates have generated particular interest due to their uncommon
degradation behavior. Unlike polyesters such as poly(lactide), poly(caprolactone),
poly(glycolide) and co-polymers thereof, polycarbonates are not susceptible to hydrolytic
degradation due to the stability of the carbonate functionality to nucleophilic attack. In vivo,
polycarbonates are degraded by macrophages which attach to and erode the polycarbonate
surface [82,84]. Polyesters, interestingly, resist macrophage mediated degradation and still
degrade in vivo primarily via bulk hydrolysis [186,187].

The reason for this difference in macrophage degradation behavior is not well
understood. Monocyte adhesion and response to biomaterials is believed to be mediated by the

proteins that adsorb to the biomaterial surface [27,74], which, in turn, is believed to be
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influenced by the surface properties of the biomaterial. Adsorption of opsonins such as
complement C3 (and its activated form C3b) and immunoglobulin G have been associated with
extended monocyte/macrophage attachment and phagocytosis [33,74,188,189]. Additionally,
monocytes are able bind to surfaces via the RGD and other integrin binding motifs found in
proteins such as fibrinogen, fibronectin, and vitronectin [35,190], though whether these
proteins affect the activation of macrophage activation is still unclear. Surfaces pre-coated
with fibrinogen and fibronectin reduced foreign body giant cell formation in LPS activated
monocytes [190] but increased endocytosis and matrix metalloproteinases (MMPS) including
MMP2 and MMP9 production by unactivated monocytes [191]. Adsorbed vitronectin
increased macrophage fusion into foreign body giant cells in IL-4 activated monocytes [192]
while no effects were shown other studies [74].

For both pre-coated surfaces [190] and uncoated surfaces [193] used in serum
supplemented monocyte/macrophage cultures, the surface properties of the underlying
substrate influence cell behavior. Material properties, including surface chemistry [193] and
stiffness [8] affect monocyte/macrophage behavior [194,195], possibly due to the type or
conformation of serum/plasma proteins that preferentially adsorb to the surfaces. It is,
therefore, likely that the observed differences in macrophage mediated degradation between
polyesters and polycarbonates were also driven by a difference in the type or conformation of
plasma proteins adsorbed to the polymers.

However, the ability of surface adsorbed proteins to activate otherwise unactivated
monocytes is not well understood. The vast majority of studies investigating
monocyte/macrophage-biomaterial response have used monocytes pre-activated by LPS,

interleukin-4 (IL-4) and so on. This is partly due to physiological relevance; monocytes in vivo
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are activated by microbial antigens and inflammatory cytokines secreted by cells at the site of
inflammation. It is also partly due to necessity in order to induce non-adherent monocytes to
adhere to the material in order to measure cell response. However, activating monocytes with
a single molecule may affect macrophage polarization into either the M1 (proinflammatory)
phenotype activated by LPS) or the M2 (anti-inflammatory) phenotype activated by IL-4 or
interleukin-13 (IL-13) [100]. This pre-activation step, therefore, results in an incomplete
understanding of monocyte/macrophage response to biomaterials and the proteins adsorbed to
their surfaces.

In this study, poly(trimethylene carbonate) was used to investigate the effect of protein
adsorption on the degradation of polycarbonates by adherent monocyte/macrophages.
Previously, we determined that 100 kg/mol PTMC (100PTMC) degraded primarily via
enzymatic erosion from esterases secreted by adherent macrophages [84]. A polyester
elastomer fabricated from acrylated star poly(D,L lactide-co-e-caprolactone) (ELAS 5000),
which does not degrade in vivo via macrophage mediated degradation [186,196] but has a
similar susceptibility to enzymatic degradation, was used as a control surface. RAW 264.7
murine monocyte/macrophages were cultured on the surfaces of 100 kg/mol PTMC and ELAS
5000, and analyzed for differences in cell number and secretion of enzymatic and oxidative
degradative species. Subsequently, relative quantitation proteomics (reductive methylation
followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to
measure the relative quantities of specific proteins that adsorbed to the 100PTMC and ELAS
5000 surfaces from adult bovine plasma, in order to determine if differences in macrophage
attachment or activity were driven by differences in the composition of the protein layers

adsorbed to the polymers.
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7.3 Materials and Methods

7.3.1 Polymer Fabrication

Elastomer formed from 5000 g/mol acrylated star poly(D,L lactide-co-e-caprolactone)
(ELAS 5000) and polymers formed from 100 kg/mol poly(trimethylene carbonate)
(100PTMC) were fabricated according to the methods described in Amsden et al. 2004 [110]
and Vyner et al. 2014 [84], respectively. For the elastomer, D,L-lactide (Purac, the
Netherlands) and e-caprolactone (Fluka, Switzerland) monomers were added to a flame dried
glass ampoule with glycerol as an initiator (Fisher, Canada) and stannous 2-ethylhexanoate
(Sigma, Canada) as a catalyst and reacted under vacuum (-10 psig) at 130°C for 24 h. The
resulting polymer was dissolved in dichloromethane (DCM) (Fisher, Canada) dried over 3 A
molecular sieves (Acros, USA) and the terminal hydroxyl groups converted to acrylates by the
dropwise addition of acryloyl chloride (Sigma, Canada) in the presence of triethylamine (TEA)
(Sigma, Canada) as an H* ion scavenger and dimethylaminopyridine (Fisher, Canada) as a
catalyst. The acrylated polymer was purified by the addition of ethyl acetate (Fisher, Canada)
to precipitate TEA*HCI salt, filtered, and precipitated in isopropanol (Fisher, Canada) at -20°C
to remove unreacted monomer. The purified ASCP pre-polymer was determined by *H-NMR
to have a number average molecular weight of 5200 g/mol and a degree of acrylation of 98%.
To form the elastomer, the acrylated pre-polymer (ASCP) was dissolved in a minimal amount
of ethyl acetate containing 2,2 dimethoxy-2-phenyl-acetophenone (DMPA) (Sigma, Canada)
as a photoinitiator at a ratio of 3 mg per gram pre-polymer, poured into a glass mould, then

irradiated with UV light (365 nm, 30 mW/cm?, Lightningcure LC8, Hamamatsu) for 5 min. To
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prepare the 100PTMC, trimethylene carbonate monomer (Biomatrik, China) was added to a
flame-dried ampoule with stannous 2-ethylhexanoate as a catalyst, vacuum sealed (-10 psig),
and reacted at 130 °C for 24 h. No additional material was added to initiate the polymerization,
instead residual water served as the initiator. The resulting polymer was dissolved in DCM and
purified by precipitation in -20 °C methanol (Fisher, Canada). Molecular weight was
confirmed by gel permeation chromatography (GPC, Viscotek GPCmax VE 2001) equipped
with two PAS-106M columns (from the PolyAnalytik SupeRes Series) at 25 °C using
tetrahydrofuran (THF, Fisher Scientific, Canada) as the eluent (1 mL/min). The number
average molecular weight (M) was determined to be 110, 000 g/mol with a dispersity of 1.6

by a relative calibration using polystyrene standards.

7.3.2 Nanoindentation of ELAS 5000

Nanoindentation measurements of dry and hydrated ELAS 5000 were performed by
Tong Liu of the Mechanical and Mechatronics Engineering Department at the University of
Waterloo, Ontario, Canada. Slabs of ELAS 5000 approximately 20 x 10 mm and 1 mm thick
were prepared according to the method described above (n=2). All samples were rinsed briefly
with methanol to remove surface contaminants. Hydrated samples were incubated in de-
ionized water for 24 h prior to testing. Force-displacement curves were generated by probing
the ELAS 5000 surfaces in contact mode using a cantilever with a four sided pyramid tip
(spring constant 0.2 N/m) at a rate of 50 nm/sec to a depth of 1.5 um (AFM, Park Systems,
XE-100). Young’s modulus was calculated from the measured force-displacement curves

using the Hertzian model [197] and assuming a Poisson’s ratio of 0.5.
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7.3.3 Scanning Electron Microscopy

ASCP pre-polymer and 100PTMC were fabricated according to the method above and
used to coat 15 mm diameter circular glass cover slips. For the ELAS 5000 coated coverslips,
1 mL of a 1% wi/v solution of ASCP pre-polymer in ethyl acetate with 3 mg per gram pre-
polymer DMPA photoinitator was pipetted dropwise onto a glass coverslip spinning at 1400
rpm. The ASCP coated coverslips were crosslinked under UV irradiation as described above.
For the PTMC coated coverslips, 50 uL of a 1% solution of 100PTMC in chloroform was
pipetted onto the surface of a glass coverslip which spinning at 4000 rpm (WS-400, Laurell
Technologies). Coated coverslips were dried overnight, sterilized under UV light for 30 min,
placed in the wells of sterile 12 well tissue culture polystyrene (TCPS) cell culture plates and
incubated in unsupplemented Dulbecco’s Modified Eagle Medium (DMEM) prior to cell
seeding. RAW 264.7 immortalized murine monocyte-macrophages were thawed and expanded
in T-175 flasks in DMEM supplemented with 10% fetal bovine serum (FBS). The cells were
rinsed with unsupplemented DMEM to remove the FBS, removed from the flasks with non-
enzymatic cell dissociation media (Sigma, Canada), and re-suspended in DMEM
supplemented with 10% bovine plasma (Cedarlane), 1% antibiotic/anti-mycotic (ABAM)
(Sigma, Canada). Cells were seeded on the coated coverslips at a density of 30,000 cells/cm?
and cultured for 14 days. At each time point (days 1 and 14), the cells were removed from the
cover slips with non-enzymatic cell dissociation media (Sigma, Canada) and the coverslips

were dried overnight and chemically dried with hexamethyldisilazane (Sigma, Canada). The
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dried coverslips were affixed to scanning electron microscopy (SEM) mounting stubs, sputter
coated with gold (10 mA, 4 min), and imaged using a Hitachi S-2300 scanning electron

microscope at an accelerating voltage of 15 kV.

7.3.4 Macrophage Adhesion and Activity on 100PTMC and ELAS 5000

To determine differences in macrophage adhesion and secretion of degradative species,
RAW 264.7 monocyte-macrophages were cultured on 100PTMC and ELAS 5000 surfaces for
14 days. 70 uL of a 1:1 w:v solution of ASCP in ethyl acetate with 3 mg per gram pre-polymer
photoinitiator or a 1:5 w:v solution of PTMC in DCM was pipetted into the wells of TCPS
tissue culture plates. The plates were dried overnight to remove residual solvent and the ASCP
was crosslinked by UV irradiation as described above. The plates were sterilized under UV
irradiation in a laminar flow biological safety cabinet for 30 min and incubated in
unsupplemented DMEM for 12 h prior to cell seeding. No methods were undertaken to remove
endotoxin from the polymer surfaces, however given the similar preparation procedures,
differences in endotoxin level are not suspected to be factors in the macrophage mediated
degradation of one polymer over another. Frozen RAW 264.7 murine monocyte-macrophages
were thawed and expanded in DMEM supplemented with 10% FBS, 1% ABAM. The
expanded cells were washed with unsupplemented media to remove the FBS and re-suspended
in DMEM supplemented with 10% bovine plasma, 1% ABAM. The re-suspended cells were
seeded in the coated TCPS plates at a density of 30,000 cells/cm?. The cells were cultured for
14 days and analyzed on days 1, 3, 7, 10, and 14. At each time point, the media in each well

was aspirated and the cells were removed from the surface with Non-enzymatic Cell
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Dissociation Buffer (Sigma, Canada). Cell number was quantified by the Quantifluor ds DNA
assay (Promega) (n = 6). Secretion of reactive oxygen species and superoxide anion by the
cells was measured by the Total ROS/Superoxide Detection Kit (Enzo, Canada) (n = 6) which
measures the secretion of reactive oxygen species (NO, ONOO", H.O2, HO") and superoxide
anion (O2). Secretion of esterases was measured by the colorimetric quantification of p-
nitrophenol (abs = 410 nm), which is produced when active esterases cleave p-nitrophenyl

acetate (n=6) [170].

7.3.5 Enzymatic and Oxidative Degradation

To determine the susceptibility of ELAS 5000 and 100PTMC to enzymatic and
oxidative degradation, discs of ELAS 5000 and 100PTMC were incubated in solutions of
cholesterol esterase (1 U/mL in phosphate buffered saline (PBS, Sigma, Canada)), lipase
(Sigma, used as received) (9 weeks), and superoxide anion (O2") which was generated by a
solution of 0.01M KO, 0.002 M 18-crown-6 ether in THF (Fisher, Canada) [198] (8 days).
Degradation was reported as the percent mass loss between the day 0 sample and the sample

at each time point (n=3).

7.3.6 Proteomics

In order to determine whether differences in macrophage behavior could be influenced
by differences in protein adsorption, relative quantitation proteomics was used to determine

the relative quantities of specific proteins that adsorb to ELAS 5000 and 100PTMC surfaces.
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7.3.6.1 Microsphere fabrication

To increase the adsorption surface area of the polymer surfaces, ELAS 5000 and
100PTMC were fabricated into microspheres. Briefly, ASCP pre-polymer was dissolved in a
1:1 w:v ratio of ASCP to toluene with 3 mg per gram pre-polymer photoinitiator. 1 mL of
dissolved pre-polymer was pipetted in a thin stream into 4 mL of de-ionized water in a 5 dram
vial stirring at 1400 rpm under UV irradiation (30 mW/cm?) for 5 min. The crosslinked
microspheres were sieved to remove particles < 20 um using X sieve, heated to 130 °C for 10
min under vacuum and dried overnight to remove residual water and toluene prior to protein
adsorption. 100PTMC microspheres were fabricated by the dropwise addition of a 10%
solution of 100PTMC in DCM to a liquid nitrogen:methanol (700:300 mL) bath. The
100PTMC microspheres were incubated in the liquid nitrogen:methanol bath overnight, sieved
to remove particles < 20 um, and dried overnight to remove excess methanol and DCM. ELAS
5000 and 100PTMC microspheres had average diameters of approximately 500 um and 1 mm,

respectively.

7.3.6.2 Plasma Adsorption to Microspheres

Samples of 500 mg of ELAS 5000 microspheres and 1035 mg of 100PTMC
microspheres were incubated in unsupplemented DMEM for 12 h prior to adsorption. The
unsupplemented DMEM was removed and replaced with DMEM supplemented with 10%
adult bovine plasma. The microspheres were incubated in the plasma supplemented media for
12 h at 37 °C. After adsorption, the supplemented media was removed and the microspheres

with rinsed with 3 washes of de-ionized water to remove unadsorbed protein. The microspheres
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were incubated in 500 uL. of 0.5% SDS at 95 °C for 5 min and vortexed to elute the adsorbed
protein from the microspheres. The resulting protein solutions were flash frozen in liquid

nitrogen, lyophilized, and stored at -20°C until further processing.

7.3.6.3 Proteomics Analysis

The relative quantities of proteins adsorbed to the ELAS 5000 and 100PTMC surfaces
were quantified by reductive methylation followed by LC-MS/MS. The method described
herein was performed by the Proteomics Core Facility at the Center for High Throughput
Biology at the University of British Columbia according to the methods described in Boersema
et al. [135]. Briefly, the lyophilized protein samples described above were reconstituted,
digested with porcine trypsin and dried by vacuum centrifugation for 30 min. The dried protein
digests were reconstituted in triethylammonium bicarbonate. The digested peptides were
labelled with either undeuterated (light) or deuterated (heavy) methyl groups by the addition
of undeuterated (CH20 and NaBH3CN) and deuterated (CD>O and NaBD3CN) formaldehyde
and sodium cyanoborohydride, respectively. The labeled peptides were injected into a linear-
trapping quadrupole — Orbitrap mass spectrometer (LTQ-Orbitrap Velos, ThermoFisher
Scientific) coupled to an Agilent 1290 Series HPLC using a nanospray ionization source
(ThermoFisher Scientific) running at a flow rate of 0.1 pL/min at 6 °C. The acquired peak
areas were processed by Proteome Discoverer 1.3 (Thermo Scientific) for identification and
quantitative comparison. The protein identification was performed with the Mascot algorithm
(v. 2.4) against a database comprised of the bovine protein sequences using the following

parameters: peptide mass accuracy 10 parts per million; fragment mass accuracy 0.6 Da;
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trypsin enzyme specificity, fixed modifications — carbamidomethyl, variable modifications —
methionine oxidation, deamidated N, Q and N-acetyl peptides, ESI-TRAP fragment
characteristics. The results are given as the ratio of identified protein fragments adsorbed to
the ELAS 5000 surface versus the protein fragments adsorbed to the 100PTMC surface for

three independent samples.

7.3.7 Statistics

Measurements are reported as the average value * standard deviation of n replicates.
Statistical significance of the cell culture data was determined using a two way ANOVA
followed by the Bonferroni post-hoc test (Prism6, GraphPad, USA). Data was considered
statistically significantly different at p<0.05. Significance for the relative quantitation
proteomics was determined at ratios of greater than 1.5 or less that 0.5 as determined by the

Proteome Discoverer 1.3 software.

7.4 Results

7.4.1 Surface Characterization

To determine differences in the surface properties of the 100PTMC and ELAS 5000
that may affect the protein adsorption and drive differences in macrophage degradation
behavior, previously measured [80,84] glass transition temperatures, water content, contact
angles, and bulk moduli for both 100PTMC and ELAS 5000 and surface moduli for L00PTMC
are restated here (Table 7.1). The dry and hydrated surface modulus of ELAS 5000 and

100PTMC were measured using nano-indentation. The polymers had similar surface
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hydrophobicity and dry bulk moduli as measured by both indentation and nano-indentation
testing. The glass transition temperature of 100PTMC was significantly lower than that of
ELAS 5000, though both were below 37 °C. Therefore the polymer chains of both ELAS 5000
and 100PTMC were flexible and mobile at physiological temperature. When the materials were
hydrated, the surface moduli of both polymers decreased by approximately 0.2 MPa, despite

no difference in bulk modulus.

Table 7.1: Surface and bulk material properties of 200PTMC and ELAS 5000
ELAS 5000 ELAS5000 100PTMC 100PTMC

(Dry) (Wet) (Dry) 1d (Wet)
M, (g/mol) 5200 110,000
T4 (°C) -6.8+1.1 -8.7+£0.9 -154+0.6 -16.0+0.4
Water Content (%) 4.82+£0.01 2+1
Contact Angle (°) 8l1+2 85+ 3 801 75+1
Bulk Modulus (MPa) 1.00+£0.04 1.22+0.09 1.3+£0.2 14+0.1

Surface Modulus (MPa) 1.03+0.01 0.81+0.04 1.34 £ 0.05 1.09 + 0.06

7.4.2 Scanning Electron Microscopy

To confirm differences in macrophage mediated degradation of PTMC and ELAS 5000,
RAW 264.7 monocyte-macrophages were cultured on 100PTMC and ELAS 5000 surfaces in
DMEM supplemented with 10% bovine plasma for 14 days (Figure 7.1). After 14 days,
macrophage mediated erosion was prevalent on the 100PTMC surface, however no signs of

degradation were observed on the ELAS 5000 surfaces.

118



100PTMC, Day 1 100PTMC, Day 14

ELAS 5000, Day 1 ELAS 5000, Day 14

Figure 7.1: RAW 264.7 monocyte-macrophage degradation of 100PTMC and ELAS 5000 over 14 days
of plasma supplemented culture (scalebar = 50 um).

7.4.3 Oxidative and Enzymatic Degradation of 100PTMC and ELAS 5000

To confirm the susceptibility of 100PTMC to oxidative and enzymatic degradation,
discs of 100PTMC were incubated in solutions of superoxide anion (Figure 7.2A), cholesterol

esterase and lipase (Figure 7.2B) with ELAS 5000 as a comparison material. Superoxide anion
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Figure 7.2: A: Oxidative degradation of 100PTMC and ELAS 5000. B: Enzymatic degradation of
100PTMC and ELAS 5000 by cholesterol esterase and lipase, (n=3).
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[103], cholesterol esterase [167] and lipase [162] have been suggested to be responsible for the
degradation of 100PTMC in vivo. Both 100PTMC and ELAS 5000 were degraded by
cholesterol esterase and lipase, although the ELAS 5000 degraded at a slower rate, likely
because the presence of crosslinks reduced the accessibility of the ester bond to the enzyme.
Only 100PTMC was susceptible to oxidative degradation by the superoxide anion and
degraded completely by 8 days. ELAS 5000 did not degrade oxidatively and did not experience
any mass loss between days 2 and 8. The initial mass loss of ELAS 5000 between days 0 and
2 was likely due to the extraction of the uncrosslinked soluble fraction of the elastomer by THF

in the degradation media.

7.4.4 Macrophage Adhesion and Activity on 100PTMC and ELAS 5000

Differences in macrophage degradation behavior on the polymers were determined by
culturing RAW 264.7 monocyte-macrophages for 14 days on 100PTMC and ELAS 5000
surfaces with tissue culture polystyrene (TCPS) as a comparison surface. Macrophage number
(Figure 7.3A) and secretion of degradative species including ROS (Figure 7.3B), superoxide
anion (Figure 7.3C) and esterase (Figure 7.3D) were analyzed at days 1, 3, 7, 10 and 14.
Significantly more cells were present on the 100PTMC surface compared to the ELAS 5000
and TCPS surfaces over 14 days despite only a small difference in cell attachment after 24 h.
Cells grown on the 100PTMC surface secreted significantly more esterase and significantly
less ROS, while the cells grown on ELAS 5000 secreted the opposite: significantly more ROS
but significantly less esterase. No differences were measured in superoxide anion secretion by

the macrophages on any of the surfaces over 14 days.
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Figure 7.3: Number and degradative species secretion of RAW 264.7 cells cultured on 100PTMC, ELAS
5000 and tissue culture polystyrene (TCPS) surfaces. A: Cell number. B: Reactive oxygen species
(excluding superoxide anion) secretion per cell. C: Superoxide anion secretion per cell. D: Esterase
secretion per cell. *p<0.05 compared to 100PTMC, **p<0.05 compared to 100PTMC and ELAS 5000,
(n=6).

7.4.5 Protein Adsorption to 100PTMC and ELAS 5000

Relative quantitation proteomics was used to determine ratios of the quantities of
specific proteins that adsorbed from plasma to the 100PTMC and ELAS 5000 surfaces. 35

proteins or protein fragments were detected consistently across all 3 independent samples.
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Table 7.2 reports the ratio of the number of peptides detected on the ELAS 5000 surface vs.
100PTMC surface of the 15 most abundant unique, identified proteins and those proteins (i.e.
vitronectin) whose relative abundance was deemed significant (ratios greater than 1.5 or less
than 0.5). Similar levels of total protein adsorption on the 100PTMC and ELAS 5000 surfaces
(0.31 + 0.04 and 0.2400 *+ 0.05 ug/cm?, respectively, p < 0.15) were confirmed by surface
plasmon resonance. Albumin, fibrinogen and complement C3 were amongst the most abundant
proteins in the protein layer adsorbed to the polymer surfaces, reflecting their relatively high
abundance in plasma; however, no significant differences in the adsorption of these proteins
were detected on the cell surfaces. Vitronectin, an extracellular matrix protein previously
shown to influence foreign body giant (FBGC) formation [192] in IL-4 activated monocytes,

adsorbed in significantly higher quantities to the ELAS 5000 surface in all three samples.

Table 7.2: Ratio of protein adsorbed from plasma suppl. media to ELAS 5000 : 100PTMC

Proteins adsorbed from Plasma Peptide Count Sample 1 Sample 2 Sample 3
Bovine serum albumin 43 0.88436 0.81248 0.68833
Serotransferrin 28 0.95449 0.77047 0.70508
Fibrinogen 26 1.1394 1.0145 1.347
Alpha-2-macroglobulin 23 1.0447 0.96416 1.0844
Complement C3 22 1.1596 1.1557 1.2007
Haptoglobin 14 1.0203 0.86863 0.70608
Inter-alpha-trypsin inhibitor 10 1.0569 0.88551 1.216
Serpin A3-1 9 0.94489 0.98697 0.92804
IGHM protein 9 1.0807 1.0037 1.0945
Serpin A3-5 9 0.82922 0.80093 0.7633
Hemopexin 7 0.9388 0.78575 0.61116
Apolipoprotein A-l 6 1.4001 1.3722 1.2029
C4b-binding protein alpha chain 6 0.75218 1.1841 0.5816
Alpha-1-antiproteinase OS 6 0.91507 1.0448 0.71688
Plasminogen 5 1.1577 0.97053 1.2271
Vitronectin 3 1.9887 2.1107 2.286
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7.5 Discussion

7.5.1 Degradation of 100PTMC and ELAS 5000

In vivo, 100PTMC degrades by macrophage mediated oxidative/enzymatic surface
erosion, but polyesters such as ELAS 5000 resist macrophage degradation despite similar
susceptibility to enzymatic degradation (Figure 7.2B). This difference in the degradation
mechanism was hypothesized to be due to a difference in macrophage activity on the polymer
surfaces driven by differences in the adsorbed protein layers.

Macrophages were found to adhere and respond differently to the ELAS 5000 and
100PTMC surfaces. Despite similar levels of initial attachment (Figure 7.3A, day 1),
significantly more macrophages remained on the 100PTMC surface between days 3 and 14.
Furthermore, the type of degradative species secreted by the macrophages was dependent on
the polymer surface to which they were attached; cells on the 100PTMC surface preferentially
secreted degradative enzymes, and cells on the ELAS 5000 surface preferentially secreted
oxidative degradation species.

This difference in macrophage response is considered to be responsible for the
difference in macrophage mediated degradation rate of the polymers in vivo. Firstly, fewer
macrophages remain attached to the ELAS 5000 surface, possibly due to oxidative stress
resulting from the increased generation and secretion of ROS [98,199], decreasing the number
of macrophages that are able to degrade the surface. Secondly, because ELAS 5000 is only
susceptible to macrophage mediated degradation via enzymatic hydrolysis, lower generation
of esterase in favor of higher generation of ROS results in limited degradation of the ELAS

5000 surface.
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7.5.2 Protein Adsorption to 100PTMC and ELAS 5000

Macrophage response to biomaterials is believed to be influenced by proteins,
especially immunoglobulins and complement, that adsorb to the biomaterial surface from the
surrounding environment [27]. Despite differences in macrophage adherence and degradative
species secretion on the 100PTMC and ELAS 5000 surfaces, no significant differences were
found in the ratio of complement or immunoglobulin proteins adsorbed to the polymer
surfaces. Interestingly, vitronectin, an integrin binding protein also associated with
macrophage adhesion and FBGC formation [74], adsorbed in significantly higher quantities to
the ELAS 5000 surface, which resists macrophage adhesion and undergoes no macrophage
mediated degradation. It is possible that more complement and integrin binding proteins are
present on the polymer surfaces other than those listed here; however, their concentrations in
the adsorbed protein layers may be below the detection limits of this method.

Despite the generally accepted hypothesis that adsorbed proteins mediate cell response
to biomaterials, few studies have directly examined the effect of adsorbed protein on
monocyte/macrophage response to and activation on biomaterial surfaces in the absence of an
additional activation factor (LPS, etc.). Previous studies using unactivated human primary
monocytes have identified adsorbed 1gG and a-2-macroglobulin as a potential mediators of
monocyte activity [189,200], however the proteome results in this study did not show any
differences in a-2-macroglobulin adsorption and did not identify 1gG on these surfaces.

Higher amounts of vitronectin adsorption have been previously shown to increase
attachment of unactivated monocytes [200] which is not consistent with the macrophage
attachment data shown here. Additionally, adsorbed vitronectin was found to induce FBGC

formation in macrophages activated by IL-4 [27,192]. For the monocyte derived macrophages
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used in this study, no activation molecules were present in the culture beyond what was present
in the adult bovine plasma and material surface itself, and it is unclear whether surface
adsorbed vitronectin alone is sufficient to induce macrophage fusion or influence the secretion
of degradative species. Interestingly, in this study, the presence of adsorbed vitronectin
reduced the amount of ROS secretion in favor of enzyme production. The vitronectin receptor
(an avP3 integrin) is used by certain populations of monocytes/macrophages to phagocytose
apoptotic cells [201]. Adsorbed Vitronectin is also known to increase rates of phagocytosis for
particles previously opsonized by IgG and complement C3b for phagocytosis [202]. Adsorbed
vitronectin may be similarly capable of mediating macrophage activation during frustrated
phagocytosis and altering levels of ROS and enzyme secretion

It is important to note that, relative quantitation proteomics only measures relative quantity
of proteins/peptides adsorbed to the surface. It is possible that some of the proteins which
appear to be adsorbed in similar quantities, including complement C3, may be adsorbed in
different conformations on the polymer surfaces. These differences in conformation may
induce a difference in macrophage adhesion or activation. Further studies investigating
monocyte activation by these materials should focus on determining differences in adsorbed
opsonin conformation. Additionally, there may be other complement factors or proteins
capable of promoting monocyte adhesion (e.g. fibronectin [203]) that are present on the
surfaces in quantities below the limits of detection, but assist or otherwise influence
macrophage activation. Furthermore, activated macrophages are able to attract and activate
other macrophages via secretion of chemotactic factors [27]. It is possible that the effect of
small differences in protein conformation or adsorption quantity may become amplified as

macrophages stimulate surrounding cells.
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Figure 7.4: Proposed schematic for the influence of polymer chain flexibility and surface hydration on protein
adsorption. Polymer chain flexibility influences the organization of water molecules bound to and around the polymer
chains. This difference in organization affects the amount of bound water freed from the surface upon protein
adsorption, affecting the preferred adsorbed conformation of the adsorbed protein.

Finally, protein adsorption is believed to mediate cell response to the biomaterial;
however biomaterial properties that affect protein adsorption and especially competitive
protein adsorption (e.g. from plasma and serum) are still unclear. Protein adsorption to PTMC
and ELAS 5000 is influenced by the arrangement of bound water at the polymer aqueous
interfaces [67,77]. ELAS 5000 and PTMC are hydrophobic polymers with similar bulk moduli,
yet differences were present in the quantities and possibly conformations of adsorbed proteins.
When hydrated, the surface moduli of both polymers were significantly different despite there
being no difference in bulk modulus. The contact angle and nanoindentation results imply that
these hydrophobic polymers, when conditioned in water, developed hydrated aqueous-polymer
“interphase” regions [16], with a higher water content and different mechanical properties from
the bulk polymer (Figure 7.4). Despite being similarly hydrophobic in the dry state, these

polymers possess different functional groups (carbonates vs. esters) and different polymer
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chain flexibilities, therefore, it is likely that the polymer chains in this surface interphase region
possess a different arrangement of water molecules on and around the chains and therefore

induce differences in subsequent protein adsorption.

7.6 Conclusion

100PTMC degrades in vivo via macrophage mediated oxidative/enzymatic degradation
mechanisms. However ELAS 5000, despite a similar surface hydrophobicity, is resistant to
macrophage mediated degradation. We hypothesized that this difference in degradation
mechanisms was due to a differences macrophage response to the polymers driven by
differences in the composition of the protein layer that adsorbs from plasma. Macrophages
adhered to PTMC in higher numbers compared to ELAS 5000 and furthermore, macrophages
adhering to the ELAS 5000 surface secreted higher amounts of oxidative degradative species
and lower amounts of enzymatic degradative species. Relative quantitation proteomics showed
that abundant plasma opsonin proteins (e.g. C3, and IgM) adsorbed in similar quantities to both
surfaces, however, vitronectin adsorbed in significantly greater quantities to the ELAS 5000
surface. It is possible that surface adsorbed vitronectin affected the activation of the

macrophages resulting in a preferential secretion of ROS over degradative enzymes.
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Chapter 8

Conclusions and Recommendations for Future Work

8.1 Conclusions

8.1.1 The Effect of Polymer Chain Flexibility on Protein Adsorption

Polymer chain flexibility was hypothesized to influence both protein conformation and
adsorbed protein layer composition by affecting the arrangement of water molecules bound to
the polymer chains. In both individual and competitive adsorption environments, polymer
chain flexibility was shown to affect the quantities of proteins that adsorb from solution.
Polymer chain flexibility also altered the conformation of adsorbed proteins to the extent of
changing the viscoelastic properties (thickness, shear modulus, and viscosity) of adsorbed
proteins and inactivating adsorbed enzymes.

These results were explained in terms of the thermodynamics governing protein
adsorption, which is primarily an entropically driven phenomenon. The organization of water
molecules around the mobile polymer chains at the interface affects the quantity of water
molecules released and the associated system entropy gain as proteins adsorb. The
conformation in which a protein adsorbs also influences the amount of water released from
both the protein molecule and the surface. Altering the entropy of the system prior to
adsorption, may impact the probability that a protein will adsorb in a specific conformation.

Differences in preferred adsorbed protein conformation are able to affect the final
equilibrium composition of the adsorbed protein layer. Firstly, adsorbed conformation affects

the amount of physical space occupied by the adsorbed protein. Secondly, the conformation of
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an adsorbed protein affects both the interfacial energy and entropy barrier to desorption,
influencing the likelihood that the adsorbed protein will desorb or be displaced by another

protein [14,18].

8.1.2 The Effect of Polymer Chain Flexibility on Water Adsorption/Absorption

Upon hydration, both ELAS and PTMC developed an “interphase” region at their
surfaces formed by water molecules penetrating into the polymer surface, which was different
from their bulk, as previously described by Vogler [16]. This surface interphase region
possessed both different mechanical properties and water content than the bulk polymer as
shown by nano-indentation measurements (Table A.1) and ATR-FTIR data, respectively. The
polymers studied here (ELAS and PTMC) are generally hydrophobic, but include hydrophilic
functional groups (i.e. carbonate or ester functionalities) in their polymer backbones. Water
molecules are able coordinate with the hydrophilic functionalities and penetrate into the
surface of the polymer around the flexible and mobile polymer chains. The polymer chains at
the surface of the elastomer are less confined and more mobile than the chains in the polymer
bulk and so may reorient themselves into conformations more favorable to water-polymer
interactions. Therefore, the aqueous-polymer interface becomes a super-hydrated region
compared to the bulk which contains less water.

Polymer chain mobility influenced the depth and water content of this super-hydrated,
interphase region. Between polymers with nearly identical surface chemistry, the polymer with
more flexible polymer chains experienced a larger decrease in surface modulus upon hydration

(Table A.1), suggesting that the polymer-aqueous interphase region for polymers with more
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chain flexibility possessed a higher water content and a less dense arrangement of polymer
chains than their stiffer counterparts. ATR-FTIR scans (penetration depth up to 2 pm) showed
differences in surface absorbed water content of ELAS but not for PTMC, suggesting that the
interphase region for ELAS (avg Tq = -3 °C), may be less than 2 pum deep, but extends beyond

depths of 2 um for PTMC which has more flexible polymer chains (Tg = -15 °C).

8.1.3 Polymer Chain Flexibility, Fetuin A Adsorption and Subsequent Cell Behavior

The influence of ELAS polymer chain mobility on the composition of the adsorbed
protein layer affected subsequent cell response to the material. Surface adsorbed alpha-2-HS-
glycoprotein (fetuin A) increased NIH3T3 fibroblast proliferation when basic fibroblast
growth factor (FGF-2) was also present in the medium. Fetuin A, a calcium binding protein,
was hypothesized to improve cell proliferation by increasing the local concentration of
calcium, affecting calcium mediated mechanisms such as annexin or possibly integrin binding
or divalent cation mediated growth factor receptors.

Polymer chain mobility influenced the mass and viscoelastic properties of fetuin A
when adsorbed individually, suggesting differences in adsorbed conformation. Due to these
differences in adsorbed conformation, the fetuin A adsorbed to the ELAS 5000 surface may
have resisted replacement by other proteins, leading to a higher quantity of fetuin A in the
protein layers adsorbed from serum. Differences in fetuin A adsorbed conformation may also
influence its calcium binding properties, which, in turn, would influence its ability to promote

calcium mediated cell behaviors.
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8.1.4 Individual and Competitive Protein Adsorption and the Non-Physiologic Nature of FBS

Polymer chain mobility was found to impact the mass and conformation of both
fibronectin and immunoglobulin G adsorbed from solutions of individual proteins, and
therefore it was hypothesized that fibronectin, specifically, was affecting fibroblast
proliferation (Chapter 4). However, no differences in the amount of these proteins were
detected on the ELAS or PTMC surfaces in the protein layers that adsorbed from serum and
plasma, possibility due to a low abundance of these proteins on the material surfaces.

These results reinforce the importance of investigating competitive protein adsorption
from serum and plasma to gain a more complete picture of protein adsorption both in vivo and
in vitro in supplemented cell culture. The biomaterials literature has focused primarily on
proteins that include integrin binding motifs within their sequences (e.g. fibronectin and
vitronectin) which promote integrin driven cell attachment or immunoglobulins/complement
proteins that influence the immunogenic response to a material. However, these proteins are
present in relatively low abundance (compared to albumin, fetuin A, etc.) in serum and plasma
supplemented culture environments. Therefore, in competitive adsorption environments, these
proteins may comprise a much lower percentage of the adsorbed protein layer and subsequently
induce a lessened or negligible effect on cell response compared to more abundant, less well-
known proteins. It is important therefore to study protein adsorption and cell response in serum
and plasma supplemented systems, to identify other proteins that are not well understood, but
which may be relevant to biomaterial cell response due to their high concentration in
serum/plasma.

Finally, fetuin A, the protein that was found to contribute to the difference in fibroblast

proliferation, is present in high concentrations in FBS but only in low concentration in newborn
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or adult plasma/serum. Fetal bovine serum is an extremely common growth supplement due to
its relatively low cost and its effectiveness in promoting in vitro cell attachment and
proliferation compared to adult serum/plasma. The observed influence of surface adsorbed
fetuin A, specifically, on cell response, emphasizes the non-physiological nature of FBS. It is
therefore important to confirm protein adsorption and cellular response results in vivo or in an

adult plasma supplemented environment.

8.1.5 Conflicts in RAW 264.7 Macrophage Results

RAW 264.7 murine monocyte derived macrophages were cultured on 60PTMC and
100PTMC (Chapter 6) in FBS supplemented media and again on 100PTMC and ELAS 5000
in adult bovine plasma supplemented media. Because RAW 264.7 cells have been reported to
grow very well on TCPS [204], TCPS was used as a comparison surface and a high growth
control. However, there were some discrepancies between the literature reported proliferation

of these cells and the cell proliferation results in chapters 6 and 7.

In chapter 6, RAW 264.7 macrophages attached but did not proliferate on TCPS in FBS
supplemented media. Because the cells expanded well in the T-175 flasks prior to seeding (in
FBS supplemented media), the lack of proliferation suggests that the environment (and thus,
the cell response) in the 96 well plate was different from the flasks. During preparation, the 96
well plates were removed from a sterile environment in order to coat the experimental wells
with PTMC, and were re-sterilized under UV light. It is possible that endotoxin was present in
the TCPS wells, which activated the monocyte/macrophages towards a more macrophage like

phenotype, increasing ROS/enzyme production (as the results indicate) which may reduce
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proliferation by inducing NO mediated apoptosis [205]. If endotoxin was present on the re-
sterilized TCPS, it was likely also present on the PTMC coated experimental wells in similar
quantities, and did not result in “extra activation” of the macrophages on the TCPS comparison

surface.

In chapter 7, macrophages were cultured on TCPS in adult bovine plasma
supplemented media. The previous results (Chapter 6) showed that approximately 10,000 cells
attached per well and cell number was maintained over 14 days. In Chapter 7, only 1,000 cells
attached and decreased in number over 14 days. The most likely explanation for this lower cell
attachment and proliferation is the absence of fetal serum. Fetal serum, with its abundant
growth factors and lower immunoglobulin concentration, is used as a common growth culture
supplement and is the recommended culture supplement for RAW 264.7 macrophages (ATCC
culture methods). Additionally, it has been reported that the removal of fetal serum from media
can induce apoptosis [206] in these cells, suggesting that some of the nutrients FBS provides
must be essential for proliferation. A second possible reason for low growth may be related to
activation. Adult plasma contains higher levels of immunoglobulins and complement
compared to fetal serum. It is possible that the cells were comparatively more activated in adult
plasma supplemented culture at earlier time points, as evidenced by the similar levels of surface
erosion of 100PTMC in Chapter 6 and Chapter 7 despite the differences in cell number.
Monocyte/macrophages that are highly activated may attach in higher numbers but may be
subject to less proliferation and greater amounts of NO mediated apoptosis. As the first time
point was at 24 hours (i.e. survival instead of initial attachment), low cell numbers may not be

due to lower levels of attachment, but because fewer cells survived until the first time point.
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A final possibility is that the batches of RAW 264.7 cells used in the chapter 6 and
chapter 7 studies were different in some way. The cell studies in chapter 6 and chapter 7 were
performed approximately 3 years apart, and the cells used in the studies were likely at different
passages and perhaps different growth phases during seeding. However, RAW 264.7 cells are
an immortalized cell line which are typically used at up to 20 passages [207] and so this is not

expected to be a factor in the discrepancy between the Chapter 6 and Chapter 7 results.

8.2 Recommendations for Future Work

8.2.1 Improvements on Relative Quantitation Proteomics

The limiting factor in the use of proteomics methods to analyze serum/plasma
adsorption to biomaterial surfaces is the quantity of the protein sample required for the method
to detect proteins of lower abundance. Adsorbed protein sample size is, in turn, limited by the
material surface area available for adsorption. The proteomics analysis presented herein only
identified and relatively quantified the most abundant proteins present in the adsorbed protein
layer. Proteins of lower abundance were either undetectable, or their calculated adsorption
ratios were prone to inconsistency due to the low number of peptides detected. It is possible
that there were other proteins adsorbed in quantities below this detection limit that affected
cell response. A method to increase adsorption surface area by further decreasing microsphere
size or creating textured polymer surfaces would allow for the detection of more proteins and

thereby improve the accuracy of this technique.
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8.2.2 Other Uses of Relative Quantitation Proteomics for Analysis of Cell Response

8.2.2.1 Cellular Modification of Biomaterial Surfaces

In this thesis, relative guantitation proteomics was used to compare protein layers
adsorbed to surfaces after 12 h of adsorption, prior to cell attachment. However, as cells survive
and grow on a substrate, they may alter the surfaces on which they are attached by secreting
extracellular matrix proteins (e.g. fibroblasts) or changing the surface chemistry of the
substrate via degradation (e.g. macrophages), which may subsequently alter the proteins that
are adsorbed to the material. Relative quantitation proteomics has the potential to be used to
compare protein adsorbed/deposited on the ELAS surface after several days of cell culture to
determine possible differences in longer-term protein adsorption and/or extracellular matrix

deposition.

8.2.2.2 Relative Quantitation Proteomics for Analysis of Cell Response

The proteomics method described in this thesis is limited to the analysis of proteins
adsorbed to biomaterial surfaces. Proteomics methods have also previously been used to
analyze cell lysates [208,209] and cell culture supernatants [194,210] to determine differences
in protein and cytokine expression in response to biomaterials. Similarly, relative quantitation
proteomics could be used to detect differences in cell response which may help identify
differences in surface adsorbed proteins to which the cells may be responding, including
possible adhesion/integrin recruitment on surfaces with high numbers of integrin binding sites
[211] and differences in monocyte/macrophage activation [194]. Experiments of this nature

would be particularly useful to complement the proteomics results of chapters 5 and 7, where
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no differences in integrin binding proteins or complement and immunoglobulin, respectively,
were detected, despite observed differences in fibroblast proliferation and macrophage
secretion of degradative species. Differences in integrin recruitment or macrophage activation
markers may give additional evidence to differences in adsorbed integrin binding proteins or
opsonins which may have been present on the material surfaces in quantities below the limits

of detection.

8.2.3 Additional Adsorbed Protein Conformation Studies

The individual and competitive protein adsorption studies detailed in this thesis are
primarily focused on the mass of the protein adsorbed with only a qualitative examination of
adsorbed protein conformation. Most cellular response to adsorbed protein, however, is not
mediated by protein quantity, alone, but rather the exposure of various functionalities in the
proteins to receptors on the attaching cells (e.g. integrin binding motifs, immunoglobulin
epitopes, etc.). While measuring protein mass is a logical first step to determine which proteins
are influencing cell response, the continuation of this research should focus on a more specific
determination of adsorbed protein conformation in terms of exposure of this cell-reactive sites.
This is especially relevant to Chapter 7, in which IgM and complement C3 adsorbed to the
polymer surfaces in equal amounts but could have adsorbed in different conformations,
resulting in differences in monocyte/macrophage activity. ELISA or molecular force
microscopy studies that measure the binding of antibody molecules to specific regions of

protein that include active cell-reactive motifs would be useful to quantitatively measure
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differences in conformation and give information as to the mechanism by which cells respond

to adsorbed proteins.

8.2.4 Macrophage Activation by Biomaterial Surfaces

Current biomaterials literature pertaining to monocyte/macrophage activation on
biomaterial surfaces is focused on monocyte/macrophage response to biomaterials after
activation by LPS, IL-4, and so on. Very few studies have examined monocyte/macrophage
activation by surface adsorbed proteins alone [189,200,212]. The results from chapter 7
indicated that RAW 264.7 monocyte derived macrophages attach in high quantities and
preferentially secrete degradative enzymes instead of reactive oxygen species when grown on
100PTMC compared to ELAS 5000. The results of the proteomics analysis showed that
vitronectin adsorbed in significantly higher quantities to the ELAS surface, where the RAW
cells secreted more reactive oxygen species. While surface adsorbed vitronectin has been
associated previously with higher foreign body giant cell formation in IL-4 activated
macrophages, it is unclear as to whether adsorbed vitronectin alone directly affects macrophage
activation. Further analysis of the macrophages, including staining for foreign body giant cell
formation or expression of activation markers, could be used to determine if differences in
surface adsorbed plasma or individually adsorbed vitronectin induces differences in

macrophage activation without the addition of IL-4.
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8.2.5 Macrophage Cell Lines vs. Primary Cells

The macrophage cultures performed in chapters 6 and 7 use RAW 264.7 cells, an
immortalized monocyte derived macrophage cell line derived from murine blood. The goal of
this thesis was to determine the effect of protein adsorption on cell behavior. Therefore, the
RAW 264.7 cell line was chosen because it is a naturally adherent cell line which did not
require activation by the addition of LPS to adhere to and degrade the 100PTMC surface. It is
also well characterized in the literature, and, as an immortalized cell line, generally yields
consistent and repeatable results, which was an important factor given the variability of
competitive protein environments such as FBS or adult plasma. However, there are some
variable characteristics of RAW 264.7 monocyte/macrophages phenotype that emphasize the
need to develop a more physiologically relevant model environment for biomaterial-

macrophage activation.

RAW 264.7 cells are referred to as a monocyte/macrophage cell line, having qualities
of both undifferentiated monocytes and differentiated macrophages [30]. Unactivated RAW
cells possess a monocyte-like phenotype. When activated by the addition of a stimulatory
molecule (LPS, IFN-y, etc.), RAW cells transform into a macrophage-like phenotype [30].
However, RAW cells have been shown to have variations in their macrophage-like behavior
depending on the activation molecule used [213], including expression of iINOS [214,215], the
enzyme that synthesizes ROS, and the secretion of other activation and signaling molecules
such as TNF-a [216,217]. Because the goal of this thesis was to examine biomaterial (and
adsorbed protein) mediated activation, the RAW cells used in these studies were not activated
by the addition of an activation molecule. However, a similar study in which activated RAW

cells are cultured on PTMC and ELAS surfaces could yield different results, including
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degradation of 60PTMC or ELAS by the RAW cells, depending on the activation molecule
used. Furthermore, the monocytes that respond to implanted biomaterials in vivo are not
immortalized monocyte/macrophage hybrids but rather exist as monocytes in the blood or
tissue, which then extravasate and differentiate into macrophages when activated at the site of
the biomaterial implantation. For this reason, neither unactivated nor activated RAW 264.7
monocyte/macrophages are an ideal cell type to examine biomaterial/protein mediated

activation of monocytes.

The eventual purpose of most biomaterials is to be implanted into a living body, so
perhaps the most obvious physiologically relevant model for macrophage response is an in
vivo animal model. This model would allow the examination of the effects of tissue
inflammation and macrophage mediated degradation on the biomaterial and activated
macrophages. However, it would prove difficult to measure protein adsorption and protein
mediated activation of monocytes using this model due to the adherence of tissue and other
cells to the implanted material. So for the purpose of studying protein adsorption and monocyte
activation via adsorbed proteins, an in vivo system is too complex. An in vitro cell culture

model would yield more consistency in the results.

Upon implantation, a biomaterial will come into contact with the tissue and fluid at the
site into which it is implanted, and thus one model in vitro culture system could focus on the
adsorption of proteins from the interstitial fluid and the activation of monocytes found in the
surrounding tissue. The composition of interstitial fluid depends on the tissue but typically
contains less albumin and other proteins responsible for maintaining oncotic pressure in the

circulatory system [218]. Thus, the ideal model system would utilize the interstitial fluid and
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resident monocytes of the intended location of the implant, though collection of interstitial

fluid and isolation of the monocytes to use in culture may prove inconvenient.

Alternatively, even though a biomaterial may be eventually implanted into tissue, at
the time of surgery, the first fluid to make contact with the biomaterial is whole blood at the
incision site. Thus, plasma proteins are the first proteins to adsorb to the biomaterial (though
they may later be replaced by proteins from interstitial fluid) and the first monocytes to respond
to the biomaterial are monocytes present in the blood. A second in vitro protein-cell response
model could examine the adsorption of blood plasma and the response of primary monocytes
derived from blood. The collection of blood plasma and isolation of monocytes in this system
is much more convenient, and is a logical next step to improve the physiological relevance of

the biomaterial-protein-cell response model.
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Appendix

Supplemental Data and Figures

A.1 Representative NMR Spectra:

A.1.1 Acrylated star poly(D,L lactide-co-e-caprolactone) (ASCP)

/\JJ\%L .
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Figure A.1: Representative NMR spectrum of star poly(D,L lactide-co-e-caprolactone) (SCP) in dDMSO
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PPM 6.0 5.0 4.0 3.0 2.0 1.0

Figure A.2: Representative NMR spectrum of acrylated star poly(D,L lactide-co-e-caprolactone)
(ASCP) in dDMSO with peak assignments



A.1.2 Poly(trimethylene carbonate)
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Figure A.3: Representative NMR spectrum of poly(trimethylene carbonate) in CDCls
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A.2 Atomic Force Microscopy Nano-indentation
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Figure A.4: Representative force-displacement curve for nanoindentation of PTMC

Model : Hertzian Model

200 400

n

0

-200

2
gm

Figure A.5: Representative force-displacement curve for nanoindentation of ELAS
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Table A.1: Bulk and surface moduli of dry and hydrated ELAS and PTMC

Bulk Modulus (MPa)

Surface Modulus (MPa)

ELAS 2000 (dry) 76+03 76+04
ELAS 2000 (hydrated) 78+05 6.3+0.2
ELAS 5000 (dry) 1.00 + 0.04 1.22+0.09
ELAS 5000 (hydrated) 1.22 +0.09 0.81 +0.02
60 PTMC (dry) 1.1+0.4 1.17+0.04
60 PTMC (hydrated) 1.1+02 0.82 +0.02
100 PTMC (dry) 13+0.2 14+0.1
100 PTMC (hydrated) 1.34 % 0.05 1.09 +0.06
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A.3 SEM Micrographs of microspheres fabricated from ELAS 2000, ELAS 5000, and
100PTMC

Figure A.6: SEM micrographs of ELAS 2000 microspheres
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Figure A.8: SEM micrograph of 100PTMC microspheres
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