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Abstract

The objective of this work was to investigate the potential of poly(vinyl
pyrrolidone) (PVP) as a protein resistant biomaterial. Two types of PVP surface
were studied: (1) plasma polymerized N-vinyl pyrrolidone monomer on
polyethylene (PE), and (2) grafted PVP surfaces formed by reaction of the
activated polymer with plasma polymerized allyl amine on PE. Surfaces were
also prepared by grafting polyethylene oxide (PEO), a known protein repellent, to
plasma polymerized allyl amine and for comparison to PVP. The surfaces were
characterized chemically by water contact angle and X-ray photoelectron
spectroscopy (XPS). Protein interactions were studied using radiolabeled
fibrinogen in PBS buffer.

Plasma polymerized N-vinyl pyrrolidone surfaces were prepared in a
microwave plasma reactor. Reactions were carried out both at room temperature
and at 50°C (increased vapour pressure) in an attempt to increase the extent of
plasma polymer deposition. The resulting surfaces showed structures chemically
different from conventional linear PVP. XPS analysis suggested the presence of
a variety of functional groups, including amines, amides, hydroxyls, carbonyls
and urethanes. Mechanisms for the reactions occurring could not be ascertained
but it appeared that the monomer was extensively fragmented in the plasma.

Aithough these surfaces were hydrophilic (contact angles of 20 to 30°), they did



not resist fibrinogen adsorption: in fact they showed adsorption levels
approximately 10% greater than unmodified polyethylene.

Methods for direct grafting of polyvinyl pyrrolidone and polyethylene oxide
to plasma polymerized allyl amine (PPAA) surfaces were designed on the
assumption that the PPAA surfaces would be rich in amino groups for reaction
with appropriate polymer chain ends. Although there was 8-12% of nitrogen on
the surfaces, the C1s high resolution showed that amide and urethane
functionalities are also present in addition to amines. The hydroxyl end groups of
preformed PEO and PVP chains were activated by reaction with either 1-[3-
(dimethylamino) propyl], 3-ethylcarbodiimide and N-hydroxy succinimide
(EDC/NHS), and N-N-disuccinimidyl carbonate (DSC). NMR spectra of the
products of these reactions showed that for PEO, the yields were moderate, and
for PVP, the yields were low. Surfaces grafted using polymers activated with
EDC/NHS were more hydrophilic than surfaces grafted with DSC-activated
polymers. XPS data did not provide clear evidence that significant polymer
grafting had occurred in any of the systems. It was concluded that changes in
the allyl amine plasma polymer in different environments following plasma
polymerization may affect the efficiency of grafting subsequently. XPS data
suggested that the allyl amine plasma surfaces undergo oxidation over time in
air. Also the films may be partly removed from the polyethylene surface when

placed in buffer as suggested by XPS and contact angle data. Various



parameters were examined in an attempt to improve the allyl amine plasma
polymerization process for greater stability of the film. Increasing the treatment
time from 10 to 30 minutes gave surfaces that showed a slower change in
contact angle when stored in air.

Despite the lack of strong chemical evidence of extensive polymer
grafting, all of the grafted surfaces were found to be significantly protein
repellent, with reductions of 10 to 36 % compared to unmodified polyethylene.
The PEO surfaces were more repellent than the PVP, although the differences
were not significant. Surfaces grafted using polymers activated with EDC/NHS
were more protein repellent than those grafted with DSC-activated polymers.
Protein adsorption was not affected by PVP molecular weight in the range 2,500
to 10,000. Since there is considerable overlap of the molecular weight
distributions (MWD) of these two polymers, it is speculated that the MWDs of the
grafted polymers may be more similar than those of the polymers themselves,
possibly due to “selection” of similar, presumably optimal molecular weights.

Discussion of the possible reasons for the better protein resistance of
PEO compared to PVP is given in terms of chain structure in relation to the steric

exclusion and water barrier theories of protein repulsion.
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1. Introduction

A biomaterial’'s success in the body depends on appropriate interactions,
or lack of interaction with the surrounding biological environment. In blood-
contacting biomaterials this may entail preventing thrombus formation, immune
responses or bacterial colonization from occurring. The initial and precipitating
event in all of these phenomena is the adsorption of proteins. Once adsorbed,
the proteins change configuration, and may attract cells or may themselves lead
to adverse reactions. While biomaterials have seen some success, the adverse
reactions that occur following contact of the materials with blood remain in most
cases and the need for improvements in blood compatibility remains.

Many types of materials have been used as biomaterials. Metals,
ceramics, and polymers have been used in applications ranging from contact
lenses to hip and joint replacements and as drug delivery matrices. Polymers
are of particular interest due to the widespread availability of materials with
different properties including reasonable mechanical properties, good
processability and fabricability (Lamba and Cooper, 2001). However, polymers
with the greatest mechanical strength are generally hydrophobic and have been
shown to cause adverse reactions in the body. Hydrophilic polymers are

generally known to reduce protein adsorption and to show greater



“biocompatibility”, but mechanically, tend to be less desirable (Lamba and
Cooper, 2001; Tunney et al., 2002). Since protein adsorption is a surface
phenomenon, altering the surface of hydrophobic materials has been suggested
as a solution to address the improvement of the biocompatibility of polymeric
biomaterials.

In theory, surface modification can improve biocompatibility of materials
without changing their bulk properties. Surface modification with hydrophilic
polymers such as polyethylene oxide (PEO) has been shown in many studies to
reduce protein adsorption and cellular interactions. Attachment of antithrombotic
agents or cell adhesion molecules for promoting endothelial cell adhesion had
also been studied to make a more blood-compatible surface (Lamba and Cooper,
2001). Coatings, blends, and seif-assembled monolayers are three techniques
used to modify surfaces.

Plasma polymerization is a useful tool in modifying surface properties
without changing bulk properties. It is a solvent-free process that can produce
thin (a few um), pinhole free films (d’Agostino, 1990; Yasuda, 1990). Plasma
polymerization can be used to modify a variety of surfaces with organic or
inorganic compounds that cannot be used through other conventional means
(d’Agostino, 1990; Yasuda, 1990; Grill, 1994). The plasma polymer can intréduce
functional groups that can be further coupled to hydrophilic polymers or biological

moieties. Plasma polymers can also serve as an interface and have been used



as a surface that supports cell adhesion (Murugesan et al., 2000; Sanborn et al,
2001; Tseng and Edelman, 1998).

Poly N-vinyl pyrrolidone (PVP or PNVP) is known for its biocompatibility
and has been widely used in biomaterials applications as a drug delivery system
(Kamada et al., 1999; Torchilin et al., 2001) or as a component in hemodialysis
membranes (Radovich, 1995; Hoenich and Stamp, 2000). Many studies have
focused on its use as an antimicrobial surface (Bridgett et al., 1993; Francois et
al., 1996). In the majority of these studies graft polymerization was used to attach
polymer chains to a surface. Surfaces produced this way show reduced protein
adsorption and bacterial adhesion (Francois et al., 1996; Rovira-Bru et al., 2001;
Tunney and Gorman, 2002). Furthermore, plasma polymerized NVP monomer
(PPNVP) has been studied as a hydrophilic surface that can support endothelial
cell growth (Johnson et al., 1996; Murugesan et al., 2000; Sanborn et al., 2001;
Sagnella et al., 1999). However, neither these surfaces, nor those with terminally
attached PVP have been extensively studied compared to other polymers that
are known to reduce protein adsorption. PEO is the “gold-standard” in reducing
protein adsorption due to its flexible chains, and hydrophilicity, and has shown
good performance when terminally attached (Brash, 2000; Leckband et al.,
1999). There have been many studies to examine how terminally-attached PEO
repels protein adsorption, although the mechanism still remains unclear

(Leckband et al., 1999; Morra, 2000). Since PVP is a hydrophilic polymer, it is of



interest to study the interactions of PVP surfaces with plasma proteins to better
characterize the properties of this material.

In the present work, plasma polymerization of NVP and the covalent
coupling of polyvinyl pyrrolidone (PVP) to polyethylene were explored. The
plasma polymerization of N-vinyl pyrrolidone on a polyethylene substrate using a
continuous microwave plasma reactor was studied to examine the potential of
this method for generating surfaces with desirable properties in biomaterials
applications, including physicochemical properties and protein adsorption
behaviour. These surfaces were compared with covalent grafting of chains of
PVP to polyethylene surface. The grafted surfaces were also compared with
polyethylene oxide grafted surfaces. Sessile drop contact angles and X-ray
photoelectron spectroscopy (XPS) were used to study the physicochemical
properties of the modified materials. Fibrinogen adsorption was used to examine

the biological properties.



2. Literature Review

Biomaterials, defined as “nonviable materials used in medical devices and
intended for interactions with biological systems” (Williams, 1987), are widely
used in a variety of applications including as prosthetics, as stents, and as drug
delivery devices. Crucial to the design and long term success of the device is the
biocompatibility of the material or its ability to perform with an appropriate host
response in a specific application (Williams, 1987). Ratner (1993) further
suggests that the biocompatibility of a material should involve the exploitation of
proteins and cells in the body, allowing the material to meet a specific
performance goal. In essence, the material should interact with the biological
system through the cells and other components, resulting in the same reactions
that would occur in the native tissue (Ratner, 1993). These interactions occur in
response to the chemical and physical characteristics of the material surface.
Undesirable responses to the material may lead to such conditions as blood
vessel occlusion or infection (Janatova, 2000; Ratner, 1993; Horbett and Brash,
1995; Lamba and Cooper, 2001). The manipulation of these interactions can be

used to generate more biocompatible materials.



2.1 Protein Adsorption

Protein adsorption, the first dynamic event in material-tissue interactions
occurs mainly at the surface. The type of host response depends on the nature of
the biological system. In the case of blood-material applications, one of the most
important potential results is thrombus formation. However, adsorption of and
activation of plasma proteins may also initiate subsequent events, including
formation of a biofilm by bacteria (Janatova, 2001), inflammation, and cellular
interactions such as adhesion, spreading and growth (Lamba and Cooper, 2001;
Horbett and Brash, 1995).

Proteins are large amphipathic molecules that perform many functions
including acting as structural elements (in the extracellular matrix), facilitating the
transport of ions, hormones, gases etc., acting as nutritional sources, and as
catalysts in biochemical reactions. When proteins adsorb to a surface, they often
change conformation. The properties of the surface then become dependent on
the properties of the adsorbed layer, in particular the composition, surface
coverage, and biological status of the protein (Brash, 2000). This new surface
may trigger many additional biological phenomena. The adsorption of proteins
can be reversible and is generally more extensive on hydrophobic surfaces than
on hydrophilic ones (Horbett and Brash, 1995; Brash, 2000). Competitioﬁ also
exists between proteins due to differences in affinity for various surfaces and the
protein’s inherent instability (Brash, 2000). The three major proteins studied in

the field of biomaterials are albumin, fibrinogen and immunoglobulin G (IgG),



primarily due to their high relative concentrations in blood. IgG is an immune
protein and plays a role in the complement cascade, a process activating the
body’'s defense mechanisms (Janatova, 2001). Fibrinogen plays an important
role in thrombosis and hemostasis, and its adsorption is associated with
thrombogenicity and platelet activity (Lamba and Cooper, 2001). Albumin, the
most abundant protein, has been suggested to passivate surfaces; surfaces that
adsorb high levels of albumin have been shown to display lower platelet
adhesion (Lamba and Cooper, 2001).
2.2 Hemostasis

Hemostasis, the stoppage of blood flow, is primarily responsible for
maintaining the integrity of the vasculature following damage until healing can
occur. It is accomplished through two synergistic processes: fibrin formation and
platelet aggregation (Davie et al.,, 1991).  In sealing a wound, fibrin connects
platelets in the evolving thrombus (Colman, 2001). Fibrin formation is
propagated through coagulation and regulated by fibrinolysis.
2.2.1 Coagulation

Coagulation results in the formation of a fibrin plug, maintaining the flow of
blood during the healing period. This cascade, depicted in Figure 2.2.1, consists
of a series of inactive proenzymes that are converted to active forms, ultifnately
in the conversion of the proenzyme prothrombin to the active form, thrombin.
Thrombin is a pivotal protein in the cascade, mediating the conversion of soluble

fibrinogen to insoluble fibrin, which polymerizes and is crosslinked by active



factor Xlll, to form a stable clot. Thrombin also plays a feedback role in the
cascade, amplifying the response (Carmeliet and Collen, 1997) and can activate
platelets. The cascade can be initiated by two mechanisms either by contact of
the plasma proteins with a damaged subendothelium or by contact with a foreign

substance, including a biomaterial.
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Figure 2.2.1: Formation of crosslinked fibrin, the basis of a thrombus, as propagated
through the coagulation cascade after contact with a material surface. Adapted from
Davies et al., (1991). Thrombin (T) is pivotal as it activates fibrinogen to the clot material
fibrin, amplifies the coagulation process, and initiates some regulatory processes.

In biomaterials science, the intrinsic pathway or contact phase activation is

of greater importance since it can be initiated when blood contacts an artificial
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surface. Factor Xll (Hageman factor), high molecular weight kininogen (HMWK)
and plasma prekallikrein are among the first proteins adsorbed (Lamba and
Cooper, 2001; Davies et al., 1991) and subsequently activate the other proteins
in the intrinsic pathway. Tissue Factor activates the extrinsic pathway, but is
primarily present at sites of injury (McVey, 1999).

To regulate coagulation, thrombin also stimulates its inhibitors, particularly
antithrombin (AT). Thrombin is also involved in regulating the amplification of the
coagulation cascade, binding thrombomodulin to activate protein C which, along
with protein S inactivates factors X and V that promote thrombin activation
(Carmeliet and Collen, 1997).

2.2.2 Fibrinolytic System

The fibrinolytic system is responsible for limiting the extent of coagulation
by breaking down fibrin and removing dispensable clots (Carmeliet and Lijnen,
1991). The critical step in fibrinolysis occurs with the activation of plasminogen
to plasmin which degrades fibrin to soluble fibrin degradation products (Angles-
Cano, 1994). Two types of activators, tissue-type plasminogen activator (t-PA)
and urokinase plasminogen activator, are both potentiated by fibrin and catalyse
the conversion of plasminogen. Figure 2.2.2 illustrates the mechanism of
fibrinolysis. Inhibitors, including plasminogen activator inhibitor (PAl), Which
inhibits t-PA, and anti-plasmin, which inhibits plasmin, control this process both
through the activators and more directly through plasmin (Collen and Lijnen,

1991). As well, thrombin bound to thrombomodulin can activate thrombin-



activated fibrinolytic inhibitor (TAFI), which prevents premature dissolution of a

newly-formed fibrin plug (Nesheim et al., 1997).

tPA
urokinass
Plasminogen C——————, == Plasmin
g T S
Ny, f

products

Figure 2.2.2: The fibrinolytic cascade. Adapted from Collen and Lijnen, 1991.
2.3 Thrombogenicity of Blood Contacting Biomaterials

The success of a material used in blood contacting applications is
determined in most cases by the thrombogenic response initiated by plasma
protein adsorption, which can lead to such deleterious effects as infection
(Janatova, 2000) and blood vessel occlusion (Lamba and Cooper, 2001). Since
biocompatibility is primarily determined by interactions of the material surface
with the surrounding tissue (Brash, 2000; Lamba and Cooper, 2001; Horbett and
Brash, 1995; Ratner, 1993; Ratner et al., 1990), surface modification of materials
is widely used to improve biological properties. Since protein adsorption has
been touted as the initial and fate-determining step in blood-biomaterials
interactions, methods of developing surfaces that repel the non-specific

adsorption of proteins have been widely studied.
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2.3.1 Protein Repellent Surfaces

A number of factors have been suggested to play a role in repelling
nonspecific protein adsorption to surfaces (Jeon et al., 1991; McPherson et al.,
1998, Szleifer, 1997a; Leckband et al., 1999, Morra, 2000). It has been
suggested that surfaces with a higher degree of hydrophilicity tend to be more
protein repellent (Horbett and Brash, 1995). Hydrogels and hydrophilic polymers
including poly (vinyl alcohol) (Rabinow et al, 1994, Ratner et al., 1978), poly
(ethylene glycol) (Du, 2001; Sofia et al., 1998; Antonsen and Hoffman, 1992),
poly (hydroxyethyl methacrylate) (Ratner et al., 1978), and poly (vinyl
pyrrolidone) (Higuchi et al.. 2001; Rabinow et al., 1994) have been shown to
have reduced protein adsorption relative to more hydrophobic materials
(Rabinow, 1994; Bohnert et al., 1988). While hydrogels in their pure form are
mechanically weak (Tunney and Gorman, 2002; Rabinow et al, 1994), surfaces
with terminally attached hydrophilic polymers and hydrogels have shown
promising results in limiting the nonspecific adsorption of proteins (Leckband et
al. 1999; Kingshott et al., 2002, Rovira-Bru et al., 2001; Sofia et al., 1998).
Factors including polymer chain length, flexibility, and graft density have been
cited as important determinants of the degree of passivation (Brash, 2000;
Leckband et al., 1999; Szleifer, 1997a,b; Jeon et al., 1991; Jeon and Andrade,

1991; Harder et al., 1998).
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2.3.2 Polyethylene Oxide (PEO) Protein Repellent Surfaces

Polyethylene oxide (IPEO) or polyethylene glycol (PEG) has been shown
to have particular promise in this capacity and as such may be considered the
“gold-standard” in resisting protein adsorption (Morra, 2000). PEO is formed by
anionic polymerization of ethylene oxide (Harris, 1992). Its chemical structure is
shown in Figure 2.3.1. PEO has an inverse solubility-temperature relationship in
which the PEO clouds on heating; temperatures between 95-135°C cause
precipitation of PEO at molecular weights between 7 million and 5000
respectively in water. The addition of salts may lower this precipitation

temperature (Bailey and Koleske, 1976).

H;

Figure 2.3.1 Repeat structure of polyethylene oxide

PEO has been widely used both as a coating and for the surface
modification of many materials for use in medical and other applications where
protein resistance is desired (e.g. Du et al., 2001; Harris, 1992; Kingshott et al.,
2002). PEO-modified surfaces have also been cited in many patents as having
protein repulsive properties (e.g. Timmons et al., 2002; Yang et al., 2001,
Winters et al., 1993). Various factors including PEO chain length and surface

density have been cited as affecting these protein repulsive properties. Dense
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oligoethylene oxide chains with as few as three ethylene oxide segments have
been found to resist protein adsorption effectively (Harder et al, 1998). PEO
molecular weights of up to 10,000 (Sophia et al., 1998) have been examined and
found to reduce the adsorption of plasma proteins. Most studies agree that a
high density of PEO chains is necessary for a high degree of protein repellency
(Morra, 2000; Leckband et al., 1999; Szleifer, 1997a; Lopez et al., 1992; Harder
et al.,, 1998). However, t must be noted that complete inhibition of protein
adsorption may not be achievable, since some protein adsorption has been
found on all surfaces prepared to date (Tsai et al., 1999, Tsai et al., 2002). It
has been suggested that if fibrinogen adsorption is less than 5 ng/cm?, platelet
adhesion may not be significant. As such, this level may be considered a design
criterion for blood compatibility (Tsai et al., 1999, Tsai et al., 2002).
2.3.3 Mechanisms of Protein Repellency by PEO

A number of models have been proposed to understand the mechanisms
by which PEO modified surfaces inhibit the adsorption of proteins. The
adsorption of proteins to surfaces is thermodynamically and kinetically controlled.
Attractive forces for protein adsorption include van der Waals and electrostatic
forces. These forces contribute to a decrease in enthalpy as the protein
approaches the surface. I|Furthermore, as the protein approaches the sﬁrface,
the ordered surface water layers are disrupted, resulting in an increase in entropy
(Leckband et al., 1999). Thermodynamically, the balance of enthalpic and

entropic terms drives protein adsorption. The kinetics of protein adsorption are
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believed to be diffusion controlled in many situations (Leckband et al., 1999;
Jeon et al, 1991; Szleifer, 1997a).

When surfaces are modified with hydrophilic polymers such as PEO, it is
believed that steric repulsive and osmotic forces can overcome the attractive
interactions (Jeon et al., 1991; Szleifer, 1997a; Halperin, 1999; Leckband et al,
1999). Figure 2.3.2 illustrates the short and intermediate-range forces that are
important when a protein approaches a surface with attached PEO chains. As
can be seen in Figure 2.3.2, a protein far from the surface experiences no net
force. As the protein approaches the surface, attractive forces including van der
Waals and the electrostatic forces are driving forces for protein adsorption.
Depending on the interface, at some distance from the surface, the protein will
experience a repulsive force due to the presence of the PEO, inhibiting further
movement toward the surface (Leckband et al., 1999; Jeon et al., 1991; Szleifer,
1997a). This occurs when a surface has a high graft density of PEO chains
where the distance between chains is smaller than the Flory radius (brush

regime) (Leckband et al, 1999; Jeon et al., 1991).
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Figure 2.3.2: Forces that contribute to the repulsive interactions between a protein and
terminally-attached PEO surface with respect to distance. The repulsive forces, thought to
be mainly the steric barrier, contribute to a protein repellent surface. The maximum of the
net potential represents the point where the compressed chain exhibits the greatest
repulsive force. The minimum of the net potential occurs at the edge of PEO brush.
Adapted from Leckband et al., 1999.

Steric repulsion is thought to play a crucial role in controlling of protein
adsorption on PEO surfaces (Leckband et al., 1999; Jeon et al., 1991). It has
been shown that altering the PEO molecular weight or the grafting density can
substantially reduce this steric energy barrier (Efremova et al.,, 2001). It is
thought that long grafted polymer chains prevent the protein from approaching
the surface, thus limiting the attractive forces. Polymer chain compression and
osmotic repulsion are the major factors involved as the protein moves toward the
surface (Leckband et al., 1999, Halperin, 1999). Through the presence of the

polymer chains, the attractive forces for protein adsorption are believed to be
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overcome by an osmotic penalty due to the increase of polymer segment
concentration and loss of water molecules that result to an increase in osmotic
pressure (Szleifer, 1997a; Halperin, 1999; Leckband et al., 1999). At high graft
density, the polymer chains extend into solution, thus creating a brush-like layer
of PEO (McPherson et al., 1998; Halperin et al., 1999, Jeon et al., 1991).

The kinetic factors for protein adsorption, related to polymer chain length
and chain density, are also important. Polymer chains of high molecular weight
increase the local viscosity. Relatively long polymer chains are believed to inhibit
the diffusion of the protein toward the surface, although a high density is required
to achieve an effective PEO layer. A high density of long chains may slow the
protein’s approach to the surface (Leckband et al., 1999).

This steric barrier is affected by polymer architecture. To resist protein
adsorption, it has been suggested that the polymer should be flexible (able to
adopt many conformations), not fully compressible, and relatively small to allow
for packing constraints (Szleifer 1997b, Leckband et al., 1999; Halperin, 1999).
PEO is a flexible molecule due to its carbon-carbon-oxygen backbone, and its
small monomer size (0.3 nm) facilitates achievement of high graft density on a
material surface (Szleifer, 1997b; Morra, 2000). In addition, PEO is considered to
have the weakest van der Waals interactions with proteins among water—sbluble
polymers (Jeon et al., 1991).

It has been suggested that this model may explain the protein repellency

of PEO with a molecular weight of 2000 or higher (Antonsen and Hoffman, 1992;
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Szleifer, 1997a). However, adsorption may be independent of these factors for
higher molecular weight polymer chains (Szleifer, 1997a, Sofia et al., 1998). The
use of higher molecular weight polymer may limit the graft density due to kinetic
barriers (Halperin, 1999, Sofia et al., 1998). As a result, a low graft density may
allow smaller proteins to cross the PEO barrier and adsorb to the material
surface. However in light of the work of Sofia et al. (1998), it may be that high
surface coverage by the polymeric units blocks potential protein adsorbing sites
(Szleifer, 1997a, McPherson et al., 1998; Sofia et al., 1998).

The major limitations of the above model are related to its overly simplified
approach to complex systems. An important limitation is the assumption the
polymers are structureless flexible chains (Leckband et al, 1999). This model
may not suitably explain the repulsion of proteins by more rigid polymers such as
dextran (De Sousa Delgado et al., 2001; Fournier et al., 1998). Additionally, the
chemical interactions of the polymer moieties with the surface and with the
environment, as well as polymer specific behaviour (for PEO, the upper and
lower critical solution temperature and the ability to self-assemble into helices)
are not accounted for by this model. Furthermore, the model all but dismisses
the role of water, which has been suggested to be important with PEO in
particular (Morra, 2000; Leckband et al., 1999, Halperin, 1999). While the brotein
resistance of these materials cannot be attributed uniquely to their ability to bind
water, water may play an important role in the protein resistant properties of PEO

surfaces (Morra, 2000; Vogler, 1998; Halperin, 1999). The water structure may
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vary around materials with varying hydrophilicity, therefore adding an additional
repulsive hydration force that may contribute to protein repellency (Vogler, 1998).
Finally, the model assumes that proteins are simple colloidal particles and
overlooks their complex structure. These factors may also contribute to protein
repellent behaviour (Morra, 2000; Leckband et al., 1999; Halperin, 1999; Szleifer,
1997a,b).

A variety of studies illustrate the inadequacy of this model. Plasma
polymerization of tetraglyme (Lopez et al.,, 1992), triethylene glycol monoallyl
ether (Beyer et al., 1997) and diethylene oxide vinyl ether (Wu et al., 2000) also
produced surfaces that were nonfouling. Similarly, self-assembled monolayers of
oligomeric PEO (3-6 ethylene oxide units) on gold were shown to be highly
protein repellent (Harder et al, 1998), demonstrating that high molecular weights
are not necessary for protein rejection to occur. Conformation has not been fully
addressed by the models previously discussed (Harder et al., 1998; Efremova et
al., 2001). Harder et al. (1998) compared conformations of these oligomers, and
found that the amorphous and helical conformations were more resistant than the
trans conformation. The helical conformation was postulated to bind water more
tightly. The steric repulsion model ignores possible attractive interactions
between PEO (or other potential macromolecules used for grafting) and prbteins
although some such interaction has been reported (Abbott et al.,, 1992; Sheth
and Leckband, 1997; Xia and Dubin, 1993). Szleifer (1997b) and McPherson et

al. (1998) reported that after an initial drop in protein adsorption, the amount of
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protein adsorbed on PEO brush-type surfaces seemed to approach a lower limit
at high surface coverage of PEO. It is believed that this “irreducible” adsorption
may occur at the outer surface of the brush due to the interactions of the protein
with PEO (McPherson et al., 1998; Halperin, 1999).
2.4 Poly N-Vinyl Pyrrolidone
2.4.1 Properties of PVP

Poly N-vinyl pyrrolidone (PNVP or PVP) (Figure 2.4.1) has been used in
both the pharmaceutical industry and in the biomedical field in drug delivery and
biomaterials applications, and has been suggested to have protein repellent
properties. Poly N-vinyl pyrrolidone (PVP) is synthesized from the monomer, N-
vinyl pyrrolidone (NVP), by radical polymerization using such initiators such as
hydrogen peroxide (Haaf et al, 1985, Rovira-Bru et al 2001) and azo bis-
isobutyronitrile (Mu et al. 1999, Raghunath et al., 1985). Since solvent
participates in the initiation step, the solvent moieties are incorporated into the
resulting polymer as the end group (Haaf et al., 1985). Radiation, persulphate,
hydrazine and hydrogen peroxide are commonly used to crosslink the polymer.
More densely crosslinked PVP can be obtained by co-polymerizing the monomer
with multiple unsaturated compounds (Haaf et al. 1985). PVP can be obtained

with molecular weights between 1000 and 1 million Da.

19



A,
( g
M
s )
Figure 2.4.1: Repeat unit structure of PVP

PVP interacts with many ions (Guner, 1996; Guner and Ataman, 1994)
and organic compounds (Eliassaf and Eriksson, 1960; Lerner et al, 1968). It is
known to complex with iodine (Schenck et al, 1979), and in this form has been
used in antisepsis applications. Also, aqueous solutions of PVP demonstrate a
lower critical solution temperature, and tend to ‘cloud’ at temperatures between
15°C and 65°C (Guner 1996; Guner and Ataman 1994). PVP binds to many
dyes (Takagishi and Kuroki, 1973), and to surfactants including SDS (Arora et al,
1998; Bauduin et al., 2001; Majhi et al, 2001; Fishmann and Eirich, 1971; Klotz
and Shikama, 1967).

In hydrogel form, PVP has high oxygen permeability (9 + 0.4 x 107°
cm?/s for My, of 40 000 at 30% humidity [Petrak and Pitts, 1980]), high water
absorption (18% moisture content at 50% humidity [Robinson et al., 1990]), and
low cytoxicity (Higa et al.; 1999). The lactam moiety contributes to hydrophilicity
and stability (Garrett et al., 2000) and to the possibility of a complex hydrogen
bonding network with water (Guner, 1996; Sun and King, 1996). Takagishi and

Kuroki (1973) proposed a mechanism for interaction with water as shown in
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Figure 2.4.2. Many studies (Guner, 1996; Sun and King, 1996; Guven and Eltan,

1981) have added to the understanding of the lactam’s interaction with water.
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Figure 2.4.2: The mesomerism of PVP in water. Adapted from Guner, 1996
2.4.2 Applications of PVP in Medicine

As shown in Table 2.4.1, polyvinyl pyrrolidone has been used in many
applications in medicine. As a result of its application as a blood substitute and
plasma expander, the interactions of PVP with blood and other fluids have been
widely studied. High molecular weight PVP, like PEO has been shown to prolong
the activated partial thromboplastin time (aPTT), decrease factor VIl activity and
prolong thrombin time in solvent/detergent treated plasma (Bakaltcheva et al,
2000). The former two are a measure of a fibrin clot forming via the intrinsic
pathway while the latter is a measure of functional fibrinogen (Bakaltcheva et al.
2000). PVP has also been reported to interfere with the fibrin polymerization
process (van Gelder, 1996). While these measurements of coagulation are
crude, the results seem to suggest that PVP has potential for use as a
biomaterial with a low level of thrombogenicity.

In drug delivery applications, the covalent attachment of PVP to peptides

results in longer plasma half-lives similar to PEO (Mu, 1999; Kamada et al,



1999). Tumor necrosis factor-a (TNF-a) coupled to PVP showed a longer blood
residency time and higher activity in the body than the PEO-conjugated growth
factor (Kamada et al., 1999). Covalent attachment of PVP (M, 6000) to YIGSR,
a laminin-related peptide was found to increase blood residency time relative to
either native YIGSR or YIGSR-PEO M, 5000 (Mu et al., 1999). The authors
suggest that these PVP and PEO effects result from inhibition of protease attack

and that the effects are similar for the two polymers.

Table 2.4.1: Applications of PVP in medicine

Reference Application Purpose

Malet et al 1998 Prosthetics Prosthesis for epiphora
Coatings for Cardiac pacing
leads

Garrett, 2000 Eyes Soft contact lenses

Matteo and Ratner (1989) Intraocular lenses

Kao et al. (1997) Adhesives Bioadhesives, wound
dressings

Mu et al., (1999) Drug delivery tools | Stabilizer for peptides

Torchilin et al. (2001) Liposomes

Wiese et al. (2000) Fluid substitute Tissue expander

Raghunath et al. (1985) Blood expander

Bakaltcheva et al., 2000 Blood substitute
Cryoprotectant

Radovich et al, (1996) Dialysisffiltration Component of the

Chen and Belfort (1999) membrane (by covalent

Higuchi et al. (2001) bonding or blending)

Rovira-Bru et al.(2001) Dialysate

Pieracci et al. (1999 )

Hoenich and Stamp (2000)
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2.4.3 PVP as a Surface Modifier in Biomaterials Applications

Because of its relative biocompatibility and hydrophilicity, PVP has been
incorporated into biomaterials as coatings or as terminally attached chains. The
bipolar nature of the lactam, which is thought to contribute to hydrogen bonding
interactions with water (Garrett et al., 2000; Guven and Eltan, 1981), is believed
to modulate the interactions of PVP with proteins. Using PVP as a component in
surfaces has been found to reduce bacterial cell adhesion (Tunney and Gorman,
2002; Francois et al., 1996; Bridgett et al., 1993) and protein adsorption (Higuchi
et al.,, 2002; Francois et al., 1996; Rovira-Bru et al., 2001, Chen and Belfort,
1999; Desai and Hubbell, 1991, Robinson and Williams, 2002). The surface
density was found to be the key factor determining the performance of the
surfaces.

PVP has been graft-polymerized onto surfaces photochemically (Pieracci
et al.1999), using y-ray irradiation (Boffa et al, 1977), by chemical modification
(Higuchi et al. 2002; Rovina-Bru et al, 2001), and using plasma-induced
polymerization (Chen and Belfort, 1999) to reduce protein adsorption. Poly(ether
sulphone) dialysis membranes incorporating PVP show improved performance,
maintaining the same solute flux (Higushi et al. 2002, Chen and Belfort, 1999)
with up to 50% reductions in protein fouling (Pierracci et al., 1999). Some 4of the
protein was reversibly adsorbed, since cleaning with water helped to maintain the

flux of the modified membranes (Chen and Belfort, 1999; Pieracci et al., 1999).
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Higuchi et al. (2002) reported a significant reduction in fibrinogen adsorption as
well as platelet adhesion on PVP modified membranes.

Steric repulsion has been commonly used in explaining the protein
repellency of PVP. Rovira-Bru et al. (2001) modified zirconia particles with PVP
with an estimated molecular weight of 15 000, and obtained a “brush” structure
that reduced the adsorption of lysozyme. Decreases in lysozyme adsorption
occurred with increasing graft density in accordance with the steric repulsion
mechanism. Robinson and Williams (2002) examined albumin adsorption on
layers of high molecular weight (10 000 to 1 200 000) PVP adsorbed to silica.
Significant reductions in albumin adsorption were seen, attributed to steric
repulsion and the blocking of protein adsorption sites.

2.5 Plasma Polymerization
2.5.1 Theory on Plasma Polymerization

Plasma polymerization uses cold plasmas to modify surfaces to form,
under optimal conditions, thin, pinhole-free crosslinked films (Yasuda, 1976).
The advantage of this technique is that the surface properties of a material may
be altered without changing the properties of the bulk. Plasma deposited layers
range in thickness from under hundred to a few thousand angstroms, even with
low exposure times (Hollahan and Stafford, 1969). In comparison, ionizing,‘ B—or
y-irradiation procedures penetrate more deeply into the bulk (Grill, 1994,

Hollahan and Stafford, 1969). Because of these characteristics, the plasma
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deposition process is important to microcircuit technology, treatment of metals
(Beamson et al., 1985), and the focus of this work, biomaterials.

Plasma is defined as the fourth state of matter, and is made up of ions,
radicals, photons and molecules (Grill, 1994; Boenig 1982; Yasuda, 1976).
Plasmas exist in many forms in nature (Grill, 1994; Beamson et al., 1985) and
can be either hot (thermal) or cold. Hot plasmas exist when all species are
highly energetic (10%-10° K), and the electrons and heavier particles reach the
same thermodynamic equilibrium. Cold plasmas exist at low pressures and the
system is not in equilibrium. The electrons are at a higher energy level than
heavier particles and are therefore at higher temperatures (10*-10° K), than the
rest of the plasma which is at room temperature (Beamson et al., 1985; Grill,
1994; Boenig, 1982). Cold plasmas can be used to cause chemical reactions
with gases at relatively low temperatures.

Sources available for the generation of cold plasmas include direct
current, radio-frequency, and microwave frequency generators. These sources
can be operated at a variety of different conditions. Radio-frequency, the most
frequently used generators for cold plasmas, operates at a frequency 13.56 MHz.
Microwave frequency generators operate at high frequencies, typically 2.45 GHz.
Although only a few studies are available comparing microwave- and vradio-
frequency generated plasmas, it is believed that the chemical structure of the
‘monomer” fed to the plasma is better preserved with microwave plasmas

(Wickson and Brash, 1999; Sodhi et al., 2001; Moisan and Wertheimer, 1993;
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Beamson et al, 1985; Chun et al., 2000; Keil et al, 1998). Additionally,
microwave plasma systems have been reported to generate surfaces of greater
uniformity, and give better control of the generation of ions and radicals, as well
as higher better deposition rates (Chun et al., 2000; Beamson et al., 1985,
Moisan and Wertheimer, 1993). Plasma polymers produced from microwave-
generated plasmas seemed to have more effective barrier properties than those
produced from radio-frequency-generated plasmas (Sodhi et al., 2001).

Plasmas can be used to modify surfaces in two ways: plasma treatment
and plasma polymerization. In plasma treatment, the plasma is used to break
bonds on the surface of the substrate resulting in etching of the surface and
removal of surface material such as contaminants. Free radicals can also be
formed. Gases such as ammonia, nitrogen, or helium can accomplish plasma
treatment by crosslinking the substrate in the near surface region (Chan et al,
1996). While plasma treatment does not create a polymer film, it may be used to
introduce functional groups onto the bare substrate.

In plasma polymerization, a film is deposited onto the substrate using an
organic monomer (Yasuda, 1976; Yasuda, 1990). Plasma polymerization can
occur via two methods: plasma-induced polymerization and direct plasma
polymerization. Plasma-induced polymerization occurs after the plasma re.action
of argon or other gases introduces radicals at the surface. After the plasma is
extinguished, the monomer reacts with these radicals on the surface, absorbing

radiation emitted from the plasma and undergoing conventional polymerization
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(Yasuda, 1976; Epaillard and Brosse, 1989). Plasma-induced polymerization
can be used as a means to ‘lock-in chemistry’ while in direct plasma
polymerization, surface properties can be lost (Chen and Belfort, 1999). Direct
polymerization occurs when the polymerization of the desired monomer occurs in
the vapour phase upon creation of the plasma; the polymer is subsequently
deposited on the surface. However, the plasma-induced polymerization process
contributes to the production of plasma polymers from direct plasma
polymerization when the plasma is extinguished if available monomer remains
(Yasuda, 1976). The result of direct polymerization is the formation of a mixed
and often chemically ill-defined surface.

While mechanisms of plasma polymerization have been proposed, the
reactions that lead to polymer formation remain unclear (Yasuda, 1976; O'Toole
et al.,, 1997). Similar to other polymerization processes, there are 4 steps:
initiation, propagation, termination and reinitiation (Yasuda, 1990). Initiation
occurs when free radicals or ions from the plasma collide with each other in the
gas phase or by adsorption on the surface of the substrate. Propagation occurs
when these radicals and ions form growing polymers with reactive ends. This
can occur both in the gas phase and on the modified surface. Termination is
similar to propagation (Grill, 1994), but the collisions result in the format’ion of
neutral non-radical species. Reinitiation results from the formation of new

radicals/ions in the plasma bombarding a terminated molecule (Grill, 1994).
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Hydrogen abstraction can also occur, terminating living radicals (Fally et al.,
1995; Li and Netravali, 1992; Gengenbach and Griesser, 1999).

Many radicals become trapped in the plasma polymer affecting the
kinetics of plasma polymerization as well as the final chemistry and the stability
of the plasma polymers (Yasuda, 1990). Attempts to track the lifetime of the
radicals suggested that they may penetrate deeply through the substrate
(Yasuda, 1976; Tseng and Yasuda, 2002). Radicals remaining on the surface
can react with atmospheric oxygen as soon as the surfaces are removed from
the reactor (Tseng and Yasuda, 2002) and may form peroxides (Mas et al.,
1997). The duration of radical quenching can be from 1 hour following removal
(Tseng and Yasuda, 2002) to many days or weeks (Boenig, 1982; Jama et al.,
1996). This process is controlled by the diffusion of air and water (Wrobel, 1985;
Gengenbach and Griesser, 1999) and may be dependent on the plasma
operating conditions and monomer structure (Yasuda, 1990).

The operating conditions of the plasma reactor also affect the physical
and chemical properties of plasma polymers, resulting in polymers very different
from those expected based on the chemical structure of the monomer (Yasuda,
1976; Yasuda, 1990). Reactor geometry including substrate position,
temperature, and power are few of the parameters that can be varied to élter the
composition of the resultant surface. Yasuda (1976, 1990) determined that the

rate of deposition (R) varies linearly with time and depends critically on three
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parameters: input power (W), flow rate of monomer (F), and monomer molecular
weight (M) according to the following relationship that is valid for most reactors:

Roc (2.5.1)

FM

The properties of the film and the rate of deposition depend on the value
of the W/FM energy parameter. The energy parameter affects the tendency of
the plasma polymer to be produced as a powder, oil or film. Figure 2.5.1
illustrates the relationship between this parameter and deposition rate and
indicates the processes that dominate as W/FM varies (Beamson et al., 1985).
The use of low flow rates or high power levels cannot support the plasma and
can fragment the monomer greatly (Beamson et al., 1985, Dilsiz and Akovali,
1996) resulting in plasma etching or ablation. This competes with film formation

and results in a polymer completely unlike the starting monomer.
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Figure 2.5.1: Effect of the energy parameter on the deposition and physical properties of
the plasma polymer obtained. At high W/FM values, etching dominates over the pilasma
polymerization process and the film chemistry becomes less predictable. Adapted from
Beamson et al., 1985.

Under pulsed plasma conditions an additional factor, the duty cycle, must
be considered. The duty cycle, or the ratio between ‘on’-time and ‘off'-time of the
plasma, is a critical parameter in developing plasma polymers (Han and
Timmons, 1998). Many studies using pulsed plasma reactors showed that the
film chemistry is better controlled with the pulsed method of operation (Han and
Timmons, 1998; Hynes et al.,, 1996; Rinsch et al., 1996; Rinsch et al. 1995).
Plasma polymers generated showed a greater retention of the mer structure
(including mers containing hydroxyl, amine, fluorinated or lactam groups) with a

low total power input.
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Unlike conventional polymerization, many types of monomers, including
saturated compounds and other nonpolymerizable gases, can be used for
plasma polymerization. However, similar to conventional polymerization
methods, the characteristics of the monomer (e.g. presence of triple bonds,
aromatic structures, double bonds, cyclic structures) can influence both the
polymerization rate and the properties of the resultant plasma polymers (Yasuda
and Lamaze, 1973). For example, secondary-ion mass spectrometry, infrared
reflection spectroscopy and X-ray photoelectron spectroscopy data demonstrated
that although the polymerization mechanism for propanoic and propenoic acid
were similar (Yasuda, 1976; Yasuda, 1990), unsaturation in the monomer was
found to result in a higher deposition rate (Fally et al., 1995, O'Toole et al., 1996).
2.5.2 Plasma Polymerization of Allyl Amine

One of the important applications of plasma polymerization is the
introduction of a plasma polymer containing functional groups that can be used
for further reaction with other species including polymers or biological moieties.
There have been studies examining plasma polymers containing carboxyl groups
(O'Toole, 1996; Ko et al. 1993), hydroxyl groups (O'Toole, 1997; Wickson and
Brash, 1999), and silicon-containing functional groups (Tang et al., 1998).
However, plasma polymers containing amine groups have been most freduently
studied (Griesser et al., 1994; Fally et al., 1995; Krishnamurthy et al., 1989).
This is due to the interest in the immobilization of biological moieties including

polysaccharides (Dai et al., 2000), anticoagulants such as heparin (Hollahan and
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Stafford, 1969; Favia et al., 1997), or antibiotics (Sodhi et al., 2001), which can
be readily reacted with an aminated substrate. Ammonia (Dai et al., 2000), and
mixtures of nitrogen and hydrogen (Hollahan and Stafford, 1969) were used
initially to introduce the amino groups. However, aminated surfaces resulting
from the plasma treatment of ammonia were found to be unstable due to
restructuring (Griesser et al. 1994), and there have been reports that ammonia
plasma treatment can lead to ammonia leaching from the substrate in aqueous
media (Calderon et al., 1998, Griesser et al., 1994). Therefore, organic
monomers (Fally et al, 1995) such as allyl amine have been widely employed
more recently. Allyl amine, as well as other carbon-based monomers, can form
a carbon backbone polymer that can bond to the surface of the substrate. The
resultant plasma polymer shows less restructuring and loss of surface properties
than from the plasma treatment of surfaces with nitrogen-containing gases
(Griesser et al., 1994, Krishnamurthy et al., 1989).

The mechanism of the allyl amine plasma polymer formation has been
widely studied. It is believed that radicals may play a role in both chain growth
and crosslinking (Li and Netravali, 1992). Recently Beck et al. (2001) proposed,
based on mass spectrometry data that the reactions in the gas phase are
between cations and intact neutral molecules. Although the correlation befween
ion mass flux, mass deposition and power is complex, Beck et al. (2001) showed

that the ion mass flux accounted for the deposit.
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Plasma polymers of allyl amine have been widely used for the study of
biological interactions. Nitrogen-rich plasma polymers that contain amides
promoted surface cell adhesion under constant and puisatile flow conditions in
10% fetal bovine serum (Tseng and Edelman, 1998), and in 10% fetal bovine
serum under static conditions (Griesser et al., 1994). Both studies acknowledged
that plasma protein adsorption may contribute to the cell adhesion. However,
Tseng and Edelman (1998) noted no differences in cellular adhesion between
collagen precoated surfaces of polytetrafluoroethylene and its plasma modified
counterpart. Allyl amine coated polyethylene terphthalate (PET) was found to
adsorb greater amounts of fibrinogen than uncoated PET and denatured
fibrinogen, defined as protein remaining following surface cleaning with sodium
dodecyl sulfate, adhered in significantly greater amounts to allyl amine coated
samples (Tang et al., 1998).

2.5.3 Plasma Polymerization of N-vinyl Pyrrolidone

Direct plasma polymerization of N-vinyl pyrrolidone (NVP) has been used
to generate PPNVP surfaces. Although these surfaces may have gel-like
properties (Marchant et al., 1989), they do not have the properties of the
conventional polymer. Radio-frequency plasmas generated most of the PPNVP
surfaces reported in the literature. Yasuda determined the deposition rate in
radio-frequency plasma polymerization of NVP to be 7.75 x 10 cm™ compared
to 2.86 x 10* cm™ for allyl amine (Yasuda, 1976). Matteo and Ratner (1989)

prepared PPNVP films for coatings on intraocular lenses, but provided no details.
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Marchant's group has studied plasma polymerized NVP and its use as a
biomaterial extensively. Using a continuous radio-frequency glow discharge,
they polymerized NVP on many substrates ranging from silicon wafers and other
inorganic materials including gold (Marchant et al, 1989, Marchant et al, 1990,
Kamath et al, 1996; Murugesan et al, 2000), polyethylene and other polymeric
materials (Johnson et al, 1992; Kottke-Marchant et al, 1996). The contact angles
of the resultant surfaces ranged from 25-40°. The plasma polymers seemed to
be stable when deposited on organic substrates (Marchant et al, 1990). Plasma
polymerization of hexane was carried out prior to NVP when the substrate was a
silicon wafer (Marchant et al.,, 1990). On glass coverslips, a
dimethyldichlorosilane coating was used prior to the plasma polymerization
process (Kamath et al.,, 1996; Murugesan et al.,, 2000). Otherwise, the NVP
plasma polymer could be removed from glass when sonicated in water (Marchant
et al 1989).

Pulsed radio-frequency plasma polymerization of NVP on silicon,
potassium chloride and PET surfaces was reported by Han and Timmons (1998).
The authors reported that control over the chemistry was greater using this
method than the continuous method. Infrared spectra and high resolution C1s
XPS data showed increased retention of the lactam group with a Iowef duty
cycle.

Marchant's plasma polymers have shown interesting properties in

biomaterial applications. The PPNVP surfaces were found not to be cytotoxic
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and showed both extensive attachment and proliferation of human fibroblasts
compared to other surfaces studied including PVC, tissue culture polystyrene
(TCPS), glass coverslips and surfaces plasma polymerized using y-butrylactone,
hexane, and hexamethyldisilazane (Johnson et al,, 1992).  Endothelial cell
growth was also examined on these surfaces. The results showed that the
PPNVP surfaces supported endothelial cell growth for at least a week and more
importantly did not stimulate interleukin-1 production (Johnson et al., 1992).
PPNVP, the most hydrophilic polymer in the study, showed the greatest cell
growth by day four of incubation (Kottke-Marchant et al., 1996) even without
preadsorption of fibronectin. Endothelial cells seeded on the plasma polymers
showed extensive cytoskeletal networks, and overall endothelial cell function was
retained to a greater extent on the more hydrophilic PPNVP than on the more
hydrophobic surfaces examined (Sanborn et al., 2002). In all cases, the cells
were grown in medium containing between 10 and 15% serum and protein
adsorption was not examined. It was therefore likely that the patterns of protein
adsorption and potentially the preferential adsorption of certain proteins on the
PPNVP surfaces resulted in the enhanced adhesion noted. Surfaces seeded
with endothelial cells also showed a slight decrease in platelet activation due to
slight decreases in platelet factor-4 release (Sagnella et al., 1999). Endothelial
cells grown on PPNVP released both t-PA (40 ng/mL for 10 000 cells) and PAI
(450 ng/mL for 10 000 cells), and released the lowest amounts of von Willebrand

factor (Kottke-Marchant et al., 1996) compared to other surfaces in the study.
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Tissue factor and thrombomodulin expression were also examined in these cells
(Murugesan et al., 2000). While the ratio between the t-PA to PAI for PPNVP
was the highest in the study, it was less than 10%, implying that cells were
procoagulant rather than profibrinolytic on these surfaces. The authors attributed
these cellular interactions to the ability of the surfaces having high oxygen and
nitrogen content to support cellular attachment (Kotte-Marchant et al, 1996). The
PPNVP surfaces in Marchant's study most likely have complex chemical
structures that may not resemble linear PVP.

In another study, it was found that platelet adhesion and activation
increased on plasma polymerized NVP surfaces and plasma polymerized EO
surfaces compared to controls with adsorbed PEO-containing block copolymers
(Kamath et al, 1996; Sagnella et al., 1999). Plasma polymerized PEO-like
surfaces in other work showed decreased thrombogenic behaviour (Lopez et al.,
1992; Beyer et al., 1997; Wu et al., 2000).

2.6 Project Rationale

Protein adsorption onto surfaces initiates such adverse responses as
thrombus formation and inflammation. Since protein adsorption is a surface
phenomenon, surface modifications are commonly used to improve biological
interactions. Many hydrophilic polymers, including PEO and PVP have. been
used previously to modify surfaces and change the resultant biological response.
It has been clearly shown that surface modification with PEO can result in a

dramatic decrease in the level of protein adsorption. Some studies suggest that
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surfaces modified with PVP may show reduced protein adsorption as well.
However, these results conflict with cell adhesion data in the presence of serum
that suggest plasma polymerization of NVP onto surfaces results in higher levels
of protein adsorption in general or that there is some specificity for the adsorption
of cell adhesion proteins.

It is of interest to study these phenomena further. In this work, PVP-
modified surfaces were prepared in two ways: (1) by the continuous microwave
plasma polymerization of NVP monomer, (2) by grafting linear poly NVP to
surfaces formed by plasma polymerization of allyl amine, presumed to give
surfaces rich in amino groups. Similarly, grafted PEO surfaces were also
prepared. The surfaces were characterized chemically and compared for protein

resistance by studying fibrinogen adsorption from buffer.
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3. Experimental

Polyethylene (PE) surfaces were modified with plasma polymerized NVP
and grafted with PVP and PEO polymer chains using a microwave plasma
reactor. This chapter describes the experimental procedures used for modifying
the polyethylene surfaces including details of the microwave plasma reactor, the
reaction procedures the characterization methods, and the protein adsorption
experiments.

3.1 Preparation of Polyethylene Surfaces for Plasma Modification

Polyethylene sheets (Uniplast Inc., Barrie ON) with a thickness of 0.025
cm were cut into rectangles 2 cm by 1 cm. The PE surfaces were cleaned by
heating to 56°C in acetone for 5 minutes followed by ultrasonication for 15
minutes. Samples were dried under vacuum for 1 hour at room temperature and
used immediately.

3.2 Monomer Purification

The monomers allyl amine and N-vinyl pyrrolidone (Aldrich, Milwaukee,
WI) were purified using a series of freeze-thaw cycles for degassing. While the
purification and reaction procedures used for the two monomers were similar,
several minor changes were made when NVP was used in order to optimize the
plasma polymerization. The base inhibitor present in the NVP monomer was not
removed prior to the plasma polymerization since the removal could result in
spontaneous polymerization of the monomer (Marchant, 1989; Han and

Timmons, 1997). Following connection of the monomer (NVP or allyl amine)
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reservoir to the monomer inlet tube on the plasma reactor (see Figure 3.3.1),
degassing, to remove air, and equilibration of the system were performed. For
degassing, the flask was submerged in liquid nitrogen until the monomer was
completely frozen (approximately 2 minutes). Once the monomer was frozen,
with the vacuum pump on, the rotameter valve and the flask valve were opened.
The flow rate of gas, as determined using the rotameter, decreased as a function
of time. When the system was steady state (judged by the absence of
fluctuations in rotameter reading), the rotameter valve and flask valve were
closed, and the flask was placed in acetone to thaw the monomer. When N-vinyl
pyrrolidone was used, the acetone was heated to speed the thawing process.
Several (7-10) such freeze-and-thaw cycles were performed. Volume of 2 mL
was used for NVP and allyl amine for all reactions.
3.3 Plasma Polymerization
3.3.1 Microwave Plasma Reactor

The remote plasma was generated using an electrode-less 2.45 GHz
microwave discharge reactor (Ophthos MPG 4 power supply with McCarrol
cavity; Ophthos Instruments, Rockville MD, USA) with a maximum power output
of 120 W. Gas flows were controlled by flow rotameters (Model 406 and 300,
Matheson, Whitby, ON). The pressure (controlled by the gas flow) was
measured using a thermocouple gauge controller (TGC-200, Huntington
Laboratories Inc, Mountain View, CA). The vacuum was maintained by a Trivac

dual-stage rotary pump (model D4A, Leybold Vacuum Products Inc, Woodbridge,
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ON), capable of displacing 125 L/min. The discharge propagated through a glass

chimney, 6mm in diameter on top and 38 mm directly below the glow discharge

region. The configuration of the plasma reactor is shown in Figure 3.3.1. Ultra

high purity argon (Vitalaire, Brampton, ON) was used as purchased. The argon

pressure was maintained at 20 psi.

3.3.2 Plasma Polymerization of Allyl Amine

For two-sided plasma modification of the surfaces, a maximum of three

cleaned PE samples were placed vertically in Teflon or stainless steel holders in

the after-glow position 6 cm from the McCarrol cavity (Wickson and Brash, 1999).

The setup of the plasma reactor is depicted in Figure 3.3.1.

Gas .
“Feed

Rotameters Air

Argon

Cooling
Monomer

Samples-

Plasma
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Microwave
Generator

Cold
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Figure 3.3.1: Simplified schematic of the microwave-cold plasma system containing
samples (ex. polyethylene sheets) when in operation. Monomer was allyl amine or N-vinyl
pyrrolidone. Modified from Sodhi et al., (2001) and Wickson and Brash (1999)

40



After the system was evacuated to a pressure less than 45 mTorr, argon
was allowed to flow at 234 cm*min. Once the system was equilibrated to a
pressure of approximately 60 mTorr, the plasma was ignited. The forward power
was set at 20 W and the reflected power was minimized (<2 W). At this time, the
pressure increased to between 80 and 100 mTorr. The argon plasma, which is
characterized by a magenta glow, was continued for a period of 5 minutes.
Without extinguishing the plasma, allyl amine was allowed to flow at 0.90
cm¥min. The allyl amine plasma emitted a white-pink glow. The polymerization
was generally continued for 10 minutes under normal operating conditions. To
examine the effects of plasma polymerization time on the resultant polymer layer,
samples were removed after times of 30 minutes. After the plasma
polymerization was completed, the power was reduced and the high voltage and
monomer flow were discontinued. To minimize the potential for surface
contamination by reaction of the remaining active species, e.g. free radicals with
airborne species and to flush the system of volatile components, argon was
again allowed to flow through the reactor at 234 cm®min for 10 seconds before
closure of the cold trap. Following closure of the cold trap, the flow rate of argon
was continued for a period of 45 seconds at the maximum rate. This allowed the
reactor to reach pressures greater than 200 mTorr.  Air was reintroduced to the

system slowly, bringing the system back to atmospheric pressure.
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3.3.3 Plasma Polymerization of N-vinyl Pyrrolidone

The procedure for plasma polymerization with NVP was similar to that for
allyl amine. However, there were several important differences. The NVP flow
rate was set at 2.2 cm®min in order to achieve a pressure between 60-80 mTorr
in the reactor when the plasma was on. While the plasma polymerization time
(10 minutes) was the same as that used for allyl amine, it was noted that the flow
of NVP and the pressure in the reactor dropped continuously throughout the
polymerization, and it was necessary to partially close the valve to the cold trap
in order to hold the monomer in the reactor.

In order to compensate for the low vapour pressure of the monomer, the
monomer reservoir was heated in a silicone oil bath to a temperature of 50°C to
increase the vapour pressure, with the expectation of improving the monomer
flow rate and the properties of the subsequent plasma polymer layer. Heating
to this temperature increased the vapour pressure by a factor of approximately 5
(See Appendix A). While pressure remained between 50-70 mTorr, the flow
continued to drop from 2.2 to 0.05 cm®min in the three runs in which this heating
technique was used. Furthermore, with heating, NVP condensation occurred. It
was anticipated that such condensation could damage the system, so this
approach was discontinued after a few experiments.

3.4 Polymer Activation for Surface Coupling
Polyethylene oxide, of molecular weight 2000 (PDI = 1.04) terminated at

one end with a hydroxyl group and at the other with a methoxy group was
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purchased from Aldrich (Milwaukee, WI). Polyvinyl pyrrolidone, with terminal
methyl and hydroxyl groups was obtained from Polysciences Inc (Warrington,
PA). The PVP with a molecular weight of 2500 (also known as PVP K-12) had a
reported polydispersity of 1.9 while the PVP of molecular weight 10 000 (PVP K-
17) had a polydispersity of 3.9. All polymers were used as received without

further purification.

3.4.1 Polymer Activation with EDC and NHS Chemistry

N-hydroxy succinimide (NHS) and 1-[3-(dimethylamino)propyl]-3-ethyl
dicarbodiimide hydrochloride (EDC) are commonly used in peptide and protein
chemistry (Hermanson, 1996). This chemistry has also been used previously to
conjugate peptides to PVP M, 6000 (Mu et al., 1999; Kamada et al., 1999) under
mild conditions (i.e. in buffer). In the current work, the EDC and NHS coupling
system was used to covalently link the polymer chains to the aminated surfaces
based on the reaction shown in Figure 3.4.1. This conjugation system gives the
polymer chains a better leaving group (the N-hydroxy succinimide moiety) in the
reaction with amino groups in the surface. Since the polymers as purchased
were hydroxy-terminated, they were reacted with succinic anhydride (Figure
3.4.1) to convert to carboxyl end groups that would react with amino groups in
the surface.

The reaction protocol used for the conversion of the hydroxyl groups to
carboxyl groups was based on the work of Du (2001). Prior to reaction, all

polymers were dried under vacuum at 50°C for a period of 20 minutes. The
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polymers (1-3 mmol) were dissolved in an appropriate solvent. For PEO, dry
THF was used, as described by Du (2001). However, due to the relative
insolubility of PVP in this solvent, DMF was selected for the PVP reactions. To
the dissolved polymers, a stoichiometric excess (20 mmol) of succinic anhydride
(Aldrich, Milwaukee, WI) and DMAP (dimethylamino pyridine) (Aldrich,
Milwaukee, WI) (1 mmol), as a catalyst, were added. In the case of PVP, slightly
higher concentrations were used to compensate for the lower recovery of this
polymer in the purification steps. Reactions were carried out at room
temperature for a period of 8 hours with stirring. Following reaction, the PVP
polymers were extracted with cold (refrigerated for 20 minutes) diethyl ether (5-7
volumes), while isopropyl ether was used to extract the PEO (5 volumes).
Polymers were further purified by redissolution twice in dichloromethane, with
precipitation into diethyl ether (PVP) or isopropyl ether (PEO) between
dissolutions. Unreacted succinic anhydride and DMAP were removed by
filtration, and the polymers were precipitated using diethyl ether or isopropyl
ether. Yields varied for the reaction, but were typically on the order of 25% for
both PVP samples, and 50% for the PEO. Polymers were characterized by NMR

to confirm reaction.
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Figure 3.4.1: EDC and NHS activation of PEO and PVP and conjugation with amines
The carboxylated polymers were subsequently incubated with 2-molar

equivalents of EDC (0.22-0.27 g) and NHS (0.15-0.2 g) in 40 mL in DMF for 5
hours at room temperature to incorporate a succinimide leaving group (Figure
3.4.1). The polymers were then extracted using cold diethyl ether (for PVP) or
isopropyl ether (for PEO), and redissolved in dichloromethane to remove

impurities. The polymers were placed under vacuum at room temperature for 1
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hour to remove any remaining solvents. Reaction yields varied, but were
typically 20% for PVP 2500, 30% for PEO, and 20% for PVP 10 000. Polymers

were characterized by NMR to confirm that the desired reaction had occurred.

3.4.2. DSC activation of polymers

N,N-Disuccinimidyl carbonate (DSC) can also be used to activate hydroxyl
groups for reaction with amino groups (Ghosh et al., 1992). The advantages of
using DSC for activation over the EDC/NHS method include a reduction of the
number of reaction steps, which may reduce losses, and minimize side reactions.
Ghosh et al. (1992) and Boden et al. (1998) reported yields greater than 85% for
xylofuranose to L-ephedrine and diacryl-glycerophosphatidylethanolamine to bis-
w-hydroxypolyethylenoxy disulphide respectively. The expected reaction of the
polymers with DSC is illustrated in Figure 3.4.2. Following drying under vacuum
at 50°C for 20 minutes, 1.5-2.5 mmol of the polymer was dissolved in acetonitrile
(40mL) under nitrogen. Again, a higher concentration of PVP 2500 was used to
compensate for possibly low recovery of the polymer in the purification steps. A
50% excess of DSC was added at once, the reactor was purged with nitrogen
and placed in a 50°C oil bath. A low flow of nitrogen was continued for 20
minutes, the vessel capped and the reaction was allowed to proceed overnight.
Following reaction, the acetonitrile was evaporated using a rotary evaporator in a
water bath at 40°C for 5 minutes (Bucchi model RE 120) and the activated
polymers were subsequently purified by precipitating in toluene for PEO or

chloroform for the PVP. The polymers were further purified by redissolution in

46



acetonitrile and reprecipitation in cold diethyl ether. Yields were typically 25% for
PVP 2500, 15% for PEO, and 25% for PVP 10 000.

This procedure was also performed using triethyl amine as a catalyst.
Prior to adding the DSC, a 2 molar excess of triethyl amine was added (0.40 mL,
3mmol). The purification steps remained the same. Yields were typically 34% for

PVP 2500, 70% for PEO, and 25% for PVP 10 000.

OH~—,
PE—H/”\O———Z,EO +

PVP o

Figure 3.4.2: Reaction scheme of DSC-activation of PEO and PVP and conjugation with
amines

47



3.4.3 Surface Reaction of Aminated Surfaces with Activated Polymers

The procedure used to modify the aminated surface was the same for
both the DSC and EDC/NHS activated polymers. The activated polymer was
dissolved in 30 mL of phosphate buffered saline (pH 7.4) (see Appendix B for
preparation) at a concentration of 5 umol/mL. Plasma polymerized allyl amine
surfaces (2 by 1 cm) were immersed in the solution and left to react at room
temperature with continuous shaking (wrist-action shaker, Model 75, Burrell
Corporation, Pittsburgh) overnight. From previous work, the estimated maximum
amino group concentration on the polyethylene surfaces following allyl amine
plasma treatment was 80 umol/m? (Jia, personal communication, 2001). The
concentration of the activated polymers was thus in excess by a factor of 100.
This high level of excess was chosen to ensure reaction between the surface and
polymers. Following reaction, the surfaces were rinsed well with Milli-Q water
and dried in vacuum for 2 hours at 40°C. When possible, surfaces were
characterized immediately. Otherwise, surfaces were stored in a closed glass
container for a maximum period of 3 days prior to characterization.
3.5 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) was used to characterize the
activation reactions of PEO and PVP with EDC/NHS and DSC. Proton NMR was
performed on a 200 MHz spectrophotometer (Bruker Avance 200) using a 5-mm
broadband inverse probe with triple axis gradient capability. Spectra were

obtained at ambient temperature in 16 scans in 16 K data points over a 2.604
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kHz spectral width (3.146 s acquisition time). The FID (free induction decay) was
also zero-filled to 32K before Fourier transformation. The samples were
prepared as 1.5 % wt/wt solutions in deuterated chloroform. The chemical shifts
are reported in ppm relative to the solvent in which the signal is 7.24 ppm
(chloroform).
3.6 Water Contact Angles

The measurement of contact angles is a convenient method that provides
information about the wettability of a surface (Whitesides and Laibinis, 1990).
The definition of contact angle is illustrated in Figure 3.6.1. A force balance at
the 3-phase contact line gives Young’s equation relating the contact angle to the

interfacial tensions:

Y tiquid—vapour €98 @ = ¥ sotia—vapour — ¥ solid—tiquid (3.6.1)
Contact angles are sensitive to different functional groups, chemical
heterogeneity, surface roughness and other factors. They are useful for quickly
detecting global changes in surface configuration (Miyama et al., 1997). Different
methods are available for measuring contact angles in both dynamic and static
systems. The sessile drop technique is the most commonly used method. Water

is used as the liquid for determination of relative hydrophilicity.
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Figure 3.6.1: Definition of contact angle

Advancing and receding water contact angles can be obtained using this
technique. The advancing angle is the angle obtained when the liquid moves
forward on a virgin surface. The receding angle is the angle observed as water
is withdrawn and the liquid front recedes. A difference usually exists between the
two measurements and is termed hysteresis. This hysteresis is caused by
surface roughness, chemical heterogeneity and impurities (Miyama et al., 1997).

Advancing and receding sessile-drop water contact angles were
measured on the modified and unmodified PE surfaces using a goniometer
(Model 100-00115, Rame-Hart Inc, Mountain Lakes, New Jersey). Droplets
(20 pL) of distilled water were placed on the surface for measurement of the
advancing angle and 10 uL was withdrawn from the drop to measure the
receding angle. The advancing and receding angles were measured for both
sides of the drops, and the average angle was determined from measurements

made on multiple areas of the surfaces (n>6).

50



3.7 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface characterization technique
that determines the elemental composition of the upper 20 =100 A of a sample. It
is a relatively precise technique with a random error between 1-5%. The error is
higher for low atomic concentrations (Kingshott et al., 2002). XPS is commonly
used to determine the chemistry of a plasma polymer that has a thickness of a
few um (O'Toole et al. 1996). XPS operates by using X-rays to bombard the
surface. The X-rays eject inner electrons from the core and valence orbitals of
the elements (except hydrogen and helium) found on a surface. The common X-
ray sources are MgKa (1253.6 eV) and AlKa (1486.6 eV). These X-rays may be
monochromatized or unmonochromatized. An electrostatic field separates the
emitted electrons by allowing electrons with a specific energy (or the pass
energy) to flow through a detector. Their kinetic energy and abundance are
subsequently measured. The kinetic energy is unique for each element, thus
allowing for the identification and quantification of the elemental composition.
The kinetic energy of electrons ejected from the surface of the sample (Exinetic), is
related to the known X-ray energy hv and the binding energy (Ebindingenergy)

according to:

E =hv— Ebindingenergy (37 1 )

Kinetic
XPS provides useful information from both high and low resolution scans.
Low resolution scans over a 1000 eV range, identify and quantify atomic

compositions. High resolution scans, over a smaller range (20-50 eV), give
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information about the chemical environment of the emitted electron and thus
bonding information about the element in question (Merrett et al., 2002). By
varying the take-off angle, or the angle between the detector and the plane of the
sample, as shown in Figure 3.7.1, it is possible to alter the depth resolution of the
instrument and obtain more surface sensitive measurements (Watts, 1990). As
shown in Figure 3.7.1, when the sample is oriented normal to the analyzer,
electrons from a depth D (approximately 100 A) can be detected. Changing the
angle alters this depth according to:

D’ = Dsing (3.7.2)

where 0 represents the angle between the electron trajectory to the detector and
the plane of the sample surface (Ratner, 1996). While X-rays have infinite
penetration depth, the mean free path of the emitted electrons is on the order of
0 to 100 A, making it a surface sensitive technique.

In the current work, take-off angles of 90 and 20° were used, with the 20°
angle providing more surface sensitive information.  Analyses were performed
by the Institute for Chemical Process and Environmental Technology (ICPET) at
the National Research Council (NRC) of Canada and at Surface Interface
Ontario (SIO) at the University of Toronto. Binding energies were referenced to
the hydrocarbon C1s binding energy set to 285 eV at SIO, and 283.6 eV at
ICPET. At ICPET, a Kratos AXIS HS X-ray photoelectron spectrophotometer
was used for the analysis. At SIO, the machine was a Leybold Max 200. Both

instruments use Al-Mg oK radiation as the source of excitation. The ICPET

52



instrument uses monochromatized X-rays. The pressure in the analyzer
chamber was reduced to 10® to 10 mbar. The spectra were collected using
pass energies of 192 eV (SIO) or 160 eV (ICPET) for the low resolution analysis
and 20 eV (ICPET) or 48 eV (SIO) for the high resolution analysis. Low-
resolution spectra and high-resolution spectra for carbon, oxygen, and nitrogen
were obtained for each sample. Sensitivity factors of 0.25 for C1s, 0.66 for O1s
and 0.42 for N1s were used for analysis of the ICPET data. The corresponding
factors used for the SIO data were 0.34 for C1s, 0.72 for O1s and 0.51 for N1s.
All samples were washed in 1,1,2-trichlorotrifluoroethane immediately prior to

analysis to remove any adsorbed silicone components.

Detector

Detector

D'=Dsing

Figure 3.7.1: Dependence of sampling depth in XPS on take-off angle. Depth of analysis
(shaded area) decreases with take-off angle. Take-off angle is defined as the angle
between the plane of the sample surface and the electron trajectory to the detector.
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3.8 '%I Radiolabeling of Fibrinogen

Fibrinogen adsorption was used as a measure of the interactions of
proteins with the various modified surfaces. Fibrinogen was labeled with Na'®|
(ICN Pharmaceuticals, Montreal, PQ) using the ICI method. In this procedure,
the radioactive iodide undergoes exchange with ICI, which then reacts with
tyrosine or histidine residues in proteins by an electrophilic substitution. In the
case of fibrinogen, labeling occurs mainly through tyrosine residues (Yu and
Brash, 1993). Figure 3.8.1 illustrates the reaction schematic for labeling of

tyrosine.

o)
0
H,;N——CH—C——O0H
H,N——CH—C——0H
CH,
CH,

=0
oH I*

Figure 3.8.1: Radiolabeling of the tyrosine residue in proteins using the ICl method

Typically, 2 mg of fibrinogen (Calbiochem, La Jolla, California) was mixed
with 100 pL of glycine buffer (pH 8.3). A mixture of 0.5 mCi of Na'?®l, 4.5mL of
0.0353 mol/L ICl and 60 pL of glycine buffer was added to the fibrinogen éolution
and stirred for 2 minutes.  Following reaction, the radioactive protein solution
was removed from the vial and placed in a Slide-a-Lyzer® dialysis cassette

(0.5mL-3.0 mL capacity, 10 000 MW cutoff, Pierce Chemicals) to remove any
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unreacted iodide. The solution was dialyzed against phosphate buffered saline
(pH 7.4) for a period of 6-24 hours with two or three changes of buffer. The
radiolabeled fibrinogen was either used immediately or frozen at —70°C for use in
protein adsorption studies within two days. The free radioactive iodide
concentration was determined by trichloroacetic acid precipitation (see Appendix
C) of the fibrinogen. In all protein adsorption studies performed, the free iodide
concentration was below 2%.
3.9 Protein Adsorption Experiments

Films in the form of 0.6 cm diameter disks were placed in the individual
wells of a 96-well microtitre plate containing 250 uL of PBS (pH 7.4) and allowed
to equilibrate overnight at room temperature. Labeled fibrinogen was added to a
solution of unlabeled fibrinogen of concentration 10mg/mL such that the labeled
protein content in the final solution was 6%. The solution was then serially diluted
with PBS to give 5 different concentrations, ranging from 0.001 to 1 mg/mL. The
surfaces (n=3 for each modification) were incubated in the fibrinogen solutions
(250pL) for a period of 3 hours at room temperature. Subsequently, the surfaces
were rinsed 3 times for 5 minutes each in 250 uL of PBS buffer, and then
counted for radioactivity using a gamma counter. The fibrinogen adsorption (I')
was assessed using the following equation:

(CPM 7, )(C (g I mL))

3.9.1
(CPM (cpm/mL))(Area(cm®))

T(ug/cm®) =

solution

55



where CPMgurace is the radioactivity of the surface in counts per minute (cpm),
Cig is the concentration of fibrinogen, and CPMsauion is the radioactivity of the
reference fibrinogen solution.

Data were obtained prepared at different times and the results pooled to

give an estimate of the interactions of the surfaces with fibrinogen.
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4. Results and Discussion: Plasma Polymerization of N-Vinyl Pyrrolidone
on Polyethylene (PPNVP)

Surfaces prepared by plasma polymerization of N-vinyl pyrrolidone (NVP)
have been previously used in biological and biomedical applications (Johnson et
al., 1992; Kottke-Marchant et al., 1996; Sanborn et al., 2001). This chapter is
focused on the chemical and biological characterization of surfaces prepared by
the microwave-frequency plasma polymerization of N-vinyl pyrrolidone on
polyethylene.

The N-vinyl pyrrolidone monomer has a much lower vapour pressure at
room temperature than the monomers traditionally used in plasma polymerization
(0.114 mm Hg versus 26.1 mm Hg for allyl alcohol and 242 mm Hg for allyl
amine at 25°C for example). This resulted in fluctuations in the flow of monomer
in the plasma reactor, and variability between runs. It was often noted that the
pressure in the system dropped below the base pressure of 30 mm Hg. In an
attempt to correct this problem, the monomer was heated to 50°C. While heating
increased the vapour pressure by approximately a factor of 6 (See Appendix A
for calculation), flow instabilty and low pressure problems remained.
Furthermore, at higher temperatures, the monomer condensed in the connecting
tubing and in the rotameters. These pressure and flow variations made it difficult
to generate surfaces of consistent quality. Nevertheless, the PPNVP surfaces
were characterized by water contact angles and by XPS to assess the

differences in the chemistry on the various surfaces resulting from these
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pressure and flow variations. The biological behavior of the surfaces was
examined via studies of the adsorption of fibrinogen.
4.1 Water Contact Angles

While water contact angles do not give specific information about the
chemistry of modified surfaces, they can be used to assess whether a
modification has occurred. Figure 4.1 shows the advancing and receding water
contact angles for the various surfaces, including those which were plasma
polymerized with different monomers and those modified by plasma treatment
with argon.

It was clear that plasma polymerization of NVP or allyl amine increased
the hydrophilicity of surfaces. The cleaned polyethylene (PE) samples had
advancing and receding water contact angles of 93.0 + 3.4° and 84.3 + 3°
respectively. These results are comparable to data reported previously (Lee et
al., 1991; Ko and Cooper, 1993). Plasma treatment with argon alone resulted in
a decrease in both the advancing and receding angles to 54.1 + 10.1° and 45.6 +
10.1° respectively. The large scatter may be due to the oxidation process after
plasma treatment, which depends on the storage time and environment. The
change in the water contact angles relative to PE was dependent on the
monomer, as expected. The allyl amine data are consistent with those
previously reported values (Jia, 2001; Jaaba et al., 1997). Surfaces that were
plasma polymerized with NVP showed an advancing angle of 19.8 + 5.9° and a

receding angle of 13.7 + 4.5°. These values are slightly lower than those
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obtained by Marchant et al. (1989) for radio-frequency plasma polymerized NVP
on glass surfaces. The differences in contact angles between the argon-treated
surfaces and surfaces polymerized with NVP were statistically significant

(0<0.05), suggesting that plasma treatment of the surfaces with N-vinyl

pyrrolidone altered the surface chemistry in some way.
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Figure 4.1: Water contact angles of surfaces obtained by the plasma polymerization of
NVP on polyethylene. All plasma modified surfaces showed a considerable increase in
hydrophilicity, with the plasma polymerized surfaces showing the lowest contact angles.
The allyl amine surface is shown for comparison to PPNVP. Data are mean =1 S.D., n >9.

To overcome the instabilities in NVP flow, thought to be the result of the
relatively low vapour pressure, contact angles were measured on surfaces

prepared using heated (50°C) monomer. The water contact angles measured on
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these surfaces, at 28.9 + 8.1° and 21.8 = 8.1°, were significantly higher (0<0.05)
than those on surfaces prepared at room temperature, and were closer to those
reported by Marchant et al. (1989).

4.2 XPS Characterization of the PPNVP Surfaces

4.2.1 Low Resolution XPS Analysis of the PPNVP Surfaces

XPS was used to determine the elemental composition and to obtain
information on the chemical structure of the various surfaces. The analysis was
performed at Surface Interface Ontario, University of Toronto. Take-off angles of
both 90° and 20° were used to determine compositional variations as a function
of depth in the sample. Figures 4.2.1-4.2.3 summarize the low resolution carbon,
oxygen, and nitrogen data for the PE control and the various modified surfaces at
both 90 and 20° take-off angles.

These data indicate the variation in the elemental compositions of the
various modified surfaces. As expected, the polyethylene sample was composed
primarily of carbon, but contained low amounts of oxygen and nitrogen, likely due
to atmospheric contamination. Argon treatment resulted in a significant increase
in oxygen and nitrogen in these surfaces. The argon-treated surfaces had a
nitrogen content of approximately 4% at both take-off angles; the oxygen content
measured on these surfaces was 16% and 17.5% at 20° and 90° take-off angles,
respectively. Argon treatment is believed to remove surface contamination by
bombarding the substrate with radicals and other species, often resulting in a

hydrophilic surface (Krishnamurthy et al., 1989). When argon pretreatment is
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combined with plasma polymerization, it is believed to result in a more adherent
plasma polymer film (Mas et al.,, 1997). However, the radicals produced at the
polymer surface by this treatment are highly reactive and can react with
atmospheric oxygen and nitrogen upon removal from the plasma reactor (Chen
and Belfort, 1999). This, therefore, is likely the source of the nitrogen and
oxygen observed on these argon-treated surfaces.

Surfaces modified by the plasma polymerization of N-vinyl pyrrolidone
showed interesting chemistry. If the plasma polymer of NVP resembles
conventional linear PVP, the carbon content is not expected to change much
compared to that of the argon-treated PE surface. The measured carbon
contents were highest when the system was at room temperature at a take-off
angle of 90°. At this take-off angle, the contribution of the PE substrate to the
XPS signal will be significant. At a 20° take-off angle, the C1s signal was lower
when the monomer was at room temperature than when it was heated to 50°C.
In general, the data for the “50°C” surfaces were closer to the values expected
for conventional PVP. Regardless of those contributions, it is difficult to confirm

the presence of the plasma polymer from the C1s data.
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Figure 4.2.1 C1s Low resolution XPS data for PE, argon plasma treated PE, and plasma
polymerized NVP at room temperature and 50°C. The theoretical atomic composition of
PVP is shown for comparison. Data are n=2, precision <56%

Following the plasma polymerization of NVP, particularly with the
monomer at room temperature, the surfaces showed a very high level of oxygen.
These surfaces were expected to have lower oxygen and higher nitrogen content
compared to the argon-treated surfaces. While the measured oxygen contents
are consistent with those reported in the literature for similar surfaces (Marchant
et al., 1989; Marchant et al., 1990; Kamath et al., 1996, Han and Timmons,
1998), it is likely that contributions from sources other than plasma polymerized
NVP are significant. Contributing factors to the O1s signal on these surfaces are:
fragmentation of the monomer during the plasma polymerization process,

adventitious oxygen or water present in the plasma reactor and most importantly
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post-plasma oxidation (Gengenbach and Griesser, 1999; Ko and Cooper, 1993;
Yasuda, 1990). These factors may explain the higher values noted on these
surfaces compared with those expected for a conventional PVP polymer. Others
(Gengenbach and Griesser., 1999; Ko and Cooper, 1993; Marchant et al, 1989;
Han and Timmons, 1998) have noted that post-plasma oxidation occurs,
particularly on amine plasma polymerized surfaces. Continuing the flow of the
monomer after the plasma has been extinguished (Beck et al., 2001) or lowering

the power may reduce oxidation (Beck et al., 2001; van Os et al., 2001).
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Figure 4.2.2: O1s low resolution XPS results for PE, argon plasma treated PE and plasma
polymerized NVP at room temperature and 50°C. The theoretical atomic composition of
PVP is shown for comparison. Note the increase in oxygen content following argon
plasma treatment and plasma polymerization of the NVP monomer. Data are n=2,
precision <5%
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The low nitrogen content seen on the PPNVP samples in the range of 2 to
6% (Figure 4.2.3) was particularly unexpected, given that PVP has a nitrogen
content of approximately 12%. Nitrogen contents between 10-14% have been
reported for PPNVP (Marchant et al., 1989, Marchant et al., 1990; Johnson et al.,
1992; Han and Timmons 1998; Matteo and Ratner, 1989). For the plasma
polymerization of the unheated monomer, nitrogen contents as high as 6% were
noted on some samples. However this result was not reproducible and values of
about 1.5% were more typical (Figure 4.2.3). While heating the monomer to
50°C resulted in surfaces with a consistently higher nitrogen content, the values

obtained are still considerably lower than expected.
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Figure 4.2.3 N1s low resolution XPS results for PE, argon plasma treated PE and plasma
polymerized NVP at room temperature and 50°C. The theoretical atomic composition of
PVP is shown for comparison. Nitrogen contents were much lower than expected on both
of the PPVP surfaces. However, there was an increase in the nitrogen content with
heating of the monomer. Data are n=2, precision <5%
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4.2.2 High Resolution Analysis of Plasma Polymerized NVP Surfaces

High resolution XPS analysis was used to further assess the chemistry of
the modified surfaces. Figure 4.2.4 shows the C1s high resolution spectrum of
the PPNVP surfaces taken at a 20° take-off angle.

It can be seen that distinct differences exist between the data for the
experimental surfaces and those expected for a layer of poly (vinyl pyrrolidone).
Of particular note was the absence of a distinct peak at 287.5 eV, assigned to the
amide functional group, as indicated in Figure 4.2.4d. While there were
differences between the argon-treated surfaces and the PPNVP surfaces, these
differences were not as great as expected. The C1s envelope was broader on
the argon-treated surface and the C-C components were greater on the plasma
polymerized surfaces.

Figure 4.2.5 summarizes the high resolution C1s data. Comparing the
data for the PPNVP modified polymers with those for the argon-treated surfaces,
it is not clear that the peak attributed to amides (287.5 eV) results from the
presence of PVP. The fraction of C1s present as either amide (287.5 eV) or
urethane / anhydride (288.8 eV) was actually lower on the PPNVP surfaces than
on the argon-treated surfaces. Furthermore, the surface prepared by heating the
NVP had a lower content of C-N/C-O (286.4 eV) than the argon-treated surface,
and the higher content of C-C (285 eV) of the two plasma modified surfaces.
While the ratio of the peak at 287.5 eV to that at 286.4 eV, increased from 0.25

for the unheated monomer to 0.33 for the heated monomer, the ratio was less
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than the 0.45 expected for PVP. The increase of this ratio with heating

suggested that greater NVP-related deposition occurred in this case.
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Figure 4.2.4: C1s High resolution spectra at 20° take-off angle. A) Argon-plasma; B)
PPNVP heated to 50°C; C) PPNVP (room temperature); D) theoretical PVP (taken from
Beamson and Briggs, 1992). Peaks: 1) 285 eV represents C-C bonds; 2) 286.4 eV
represents C-N or C-O bonds; 3) 287.5 eV represents amide bonds; 4) 288.8 eV represents
urethane or anhydride bonds.

In agreement with the low resolution data, which showed very little

nitrogen was present on the surfaces, the high resolution carbon spectra
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suggested that much of the carbon was bonded to oxygen in carbonyl or hydroxyl
functionalities (peaks at 286.2 eV and 287.5 eV in Figure 4.2.5¢c) and not to
nitrogen. It is not surprising that the high resolution XPS data for the PPNVP
surfaces do not match the expected values for PVP. It is well known that in the
highly reactive plasma environment, the final composition of the plasma polymer
is variable and can be quite different from that of the conventional linear
polymers (Yasuda, 1990; Marchant et al.,, 1989). While the low resolution
spectra showed that there was more nitrogen present when the monomer was
heated, the broad high energy shoulder in the C1s high resolution spectrum may
be indicative of the presence of multiple chemical functionalities, (possibly
including the amide group of PVP), likely as a result of the highly reactive plasma
environment. Similar results were obtained in other work (Marchant et al., 1989,

Han and Timmons, 1998).

In order to better understand the chemistry of these plasma polymerized
NVP surfaces and particularly the nature of the bonding of the nitrogen atom,
high resolution N1s spectra were also obtained for the surfaces prepared with

heated monomer. The results are summarized in Figure 4.2.6.
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Figure 4.2.5: Composition of the C1s envelope for the argon-treated, and PPNVP surfaces
as compared to a “theoretical” PVP surface. The decrease in the peaks >285 eV on PPNVP
surfaces compared to the argon-treated surfaces suggested differences in the surface
chemistry. However, the values for the PPNVP surfaces did not resemble those expected
for a layer of PVP.
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Figure 4.2.6: Ni1s high resolution spectra of a) PPNVP surface prepared with the
monomer at 50°C (taken at 20° take-off angle); and b) linear PVP, with the main
peak centered at 399.8 eV (peak 1), (Beamson and Briggs, 1992). The nitrogen in
linear PVP is present uniquely as amide groups. The presence of 2 peaks in the
PPNVP spectrum indicated that other nitrogen functionalities are present. Peak 2
represents nitrogen in urea or carbonate bonds (400.5 eV).
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The data do not agree with those expected for PVP, which showed a
single peak at 399.8 eV attributed to the amide functionality in the side groups of
the polymer. The N1s envelope for the plasma modified polymers shows that
approximately two thirds of the N1s is present as either urea or carbonate
groups, attributed to a peak positioned at 400.5 eV (Beamson and Briggs, 1992).
Furthermore, the possible presence of nitriles (399.6 eV) (Beamson and Briggs,
1992) in the plasma polymer surface cannot be disregarded. In addition, the
amides may result from post-plasma oxidation (Gengenbach et al. 1996), not
from the NVP side groups. As seen in Figure 4.2.6, the N1s peak was broader
than the expected N1s peak of polyvinyl pyrrolidone.

The differences noted between the PPNVP surfaces prepared in the
present work and those reported in literature (as well as linear PVP) may have
resulted from various causes, including plasma etching of the surfaces,
fragmentation of the monomers and the power: flow rate ratio used.

Plasma etching or ablation refers to the loss of material as a result of the
bombardment of plasma species (Grill, 1994, Ratner et al. 1990). This process
competes with the deposition of the plasma polymer. Through etching, the
surface may become damaged, and rough. Volatile species may desorb. Air
and argon may etch the surface and have been shown to crosslink thé upper
layers of polyethylene (Grill, 1994, Ratner et al. 1990). Etched surfaces have
increased wettability due to the introduction of polar groups and high levels of

oxygen incorporated in either carbonyl or ether forms (Grill, 1994, Ratner et al.
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1990). The PPNVP surfaces, prepared with the monomer at room temperature,
exhibited these properties and may therefore have undergone some degree of
etching. Specifically, these surfaces showed an increase in carbon relative to the
argon-treated controls at a 90° take-off angle, likely the result of exposure of the
underlying PE substrate. The high resolution C1s spectrum for this material,
which showed a relatively large C-C component, supports this hypothesis. On
the other hand, these PPNVP surfaces had significantly lower contact angles
than the argon-treated surfaces. This observation, coupled with the presence of
other carbon species in the high resolution C1s spectrum, suggested that these
surfaces are highly complex and that many competing processes may be
occurring.

Fragmentation occurs throughout the monomer during plasma
polymerization and is not limited to opening of the double bond as in
conventional polymerization. It may be considered as a form of chemical etching
(Yasuda, 1990) somewhat different from the physical etching that occurs with
argon treatment. Fragmentation is more likely to occur in monomers with high
boiling points, such as NVP, and can result in the loss of functional groups
(Yasuda, 1990). Based on the XPS data, it seems reasonable that fragmentation
of the NVP monomer could have resulted in opening of the ring and the
subsequent loss of nitrogen as well as alteration in the chemical form of the
nitrogen present. In the plasma reactor, electron energies are in the range of 1-

10 eV, which is sufficient to break covalent bonds in organic compounds
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(Krishnamurthy et al., 1989). The C-N bond, with a bond dissociation energy
around 3.12 eV, would be more prone to breaking than the C=0 bond with a
bond energy of 7.69 eV (Marchant et al., 1989; Yasuda, 1990) or the C-O bond
with a dissociation energy of 3.74 eV. These fragments may then combine to
form other species, including amines, hydroxyls, and nitriles, among other
groups. Amines and hydroxyls, with bond dissociation energies of 4.04 eV and
4.83 eV respectively (Yasuda, 1990), may be more stable during the deposition
phase. Due to post-plasma oxidation, amines may oxidize to ureas or to amides
while hydroxyl groups may be converted to carbonyl functionalities (Gengenbach
et al., 1996), in agreement with the XPS spectra in the present work.

The energy parameter, (ratio of power input to the product of flow rate and
monomer molecular weight, W/FM), is an important factor in plasma
polymerization, particularly in terms of controlling the degree of fragmentation.
For example, when plasma polymerizing NVP, Marchant et al. (1989) increased
this parameter from 0.5 x 10° to 7.2 x 10° J/kg and found that the nitrogen
content decreased from 10.5% to 5%. In the present work, an initial value of
W/FM of 7.2 x 10° J/kg was used. However, the decreasing flow rate of the
monomer during the experiment likely resulted in an increase in this parameter.
The W/FM parameters in this work and in the work of Marchant were strfctly not
comparable due to differences in the plasma source and in the reactor geometry.
It seemed clear that this parameter may have significantly affected surface

properties, contributing to the low nitrogen contents obtained on the plasma
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polymerized surfaces. However, evaluation of the effect of this parameter on the

plasma polymerized surfaces, was not possible due to the flow rate instabilities,

which occurred even with heating.
4.3 Fibrinogen Adsorption on PPNVP Surfaces

The protein-rejecting properties of the plasma polymerized NVP surfaces

were assessed by examining the adsorption of fibrinogen from buffer. The

response of the various surfaces is shown in Figure 4.3.1.
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Figure 4.3.1: Fibrinogen adsorption from PBS (pH 7.4) on PPNVP and PE surfaces.
Adsorption time 3h. Data are mean = 1 S.D., n=9 (pooled from 3 experiments).

As can be seen, the PPNVP surfaces with the monomer at room

temperature showed an increase in the adsorption of fibrinogen relative to PE by

about 14%. Surfaces prepared using heated PPNVP showed even higher levels
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of adsorbed fibrinogen of about 30% greater than the unmodified PE. The
difference between the PPNVP surfaces is significant at a fibrinogen
concentration of 1mg/mL (one way ANOVA, 0<0.05).

Numerous studies have suggested that plasma polymerization of NVP
may give surfaces that promote endothelialization (Marchant et al., Johnson et
al., 1992; Sanborn et al., 2001; Muregesan et al., 2000) and platelet adhesion
(Kamath et al., 1996). The mechanism for these effects is unclear. It may be
suggested that increases in endothelial cell adhesion may be the result of
increases in the adsorption of adhesive plasma proteins. Surfaces where the
monomer was heated showed the highest levels of fibrinogen adsorption,
perhaps due to incorporation of appropriate functional groups, as suggested by
the XPS data.

Plasma polymerization of monomers containing carboxylic acids, amino
groups, and hydroxyl groups has been shown to result in wettable surfaces which
support cell growth and adhesion (Ko et al., 1993; Lee et al., 1991; Lee et al.,
1994, Tseng and Edelman, 1998). Plasma treatment with oxygen resulted in
hydrophilic surfaces with contact angles reported to be about 15° by the captive
bubble method (Dekker et al., 1991). However, these surfaces also adsorbed
increased amounts of albumin and IgG compared to the polytetrafluoroethylene
control, thus contradicting the view that hydrophilic surfaces should be protein
resistant. Carboxylated surfaces prepared by plasma polymerization have been

shown to cause increased platelet adhesion relative to PE (Ko et al., 1993). The
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adsorption of fibrinogen can trigger platelet adhesion and other cellular adhesion
(Horbett and Brash, 1995; Lamba and Cooper, 2001). Therefore, it is not
unexpected that surfaces with carbonyl functionalities that reportedly support cell
adhesion may adsorb increased levels of fibrinogen as do those in the present
work. Similarly, amine plasma polymers have been shown to adsorb fibrinogen
irreversibly (Tang et al., 1998), and showed increased fibrinogen adsorption from
plasma relative to a polyethylene control (Lin and Cooper, 1996), despite
reduced water contact angles and the presence of a wide variety of functional
groups including amides and ureas. Thus, it is perhaps not unexpected that the
PPNVP surfaces prepared in this work would adsorb more fibrinogen due to the
variety of functional groups that may exist on the surface.

Plasma polymers, especially those synthesized in a continuous plasma
reactor, are known to undergo fragmentation, have no clear repeat unit (Yasuda,
1976), and are very different from the polymer obtained using conventional
techniques. The PPNVP surfaces in this study were very different from those
reported in the literature due to their high oxygen and low nitrogen contents and
from linear polyvinyl pyrrolidone. Particular differences were the relatively high
oxygen and low nitrogen contents. Since the present PPNVP surfaces were
different from those reported on by Marchant et al. (1989), it is difficult to
establish whether the high levels of endothelial cell adhesion observed on their

surfaces was in fact the result of increased adsorption of adhesive proteins from
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the serum-containing medium. Cell adhesion studies with the current polymers
may have provided some additional insight.

Due to the high variability of the surfaces prepared and the increases in
the levels of fibrinogen adsorption observed with these surfaces, it was clear that
they did not have protein resistant properties. Additional protein adsorption
studies from plasma may provide insight into the mechanisms by which these
surfaces are cell adhesive. SDS PAGE and Western blotting would be desirable
to fully characterize the cell adhesive properties of PPNVP surfaces to determine
the composition of the adsorbed protein layer and its correlation with cell

adhesion.
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5. Results and Discussion: Grafted PVP and PEO surfaces

In the previous chapter, it was seen that the plasma polymerization of N-
vinyl pyrrolidone on polyethylene did not produce structures corresponding to

conventional linear polymer (Figure 5.0.1).

Figure 5.0.1 The chemical structure of the repeat unit of PVP

Indeed the surfaces obtained did not show structures that could be easily related
to the monomer, and were not protein repellent. In fact, they adsorbed more
protein than the unmodified polyethylene.

In this chapter experiments on surfaces prepared by chemically grafting
pre-formed PVP to polyethylene surface are discussed. These surfaces are
compared to analogous grafted PEO surfaces since PEO is considered to be the
“gold-standard” protein repellent material. Polyethylene surfaces were first
treated in an allyl amine plasma in an attempt to generate high surface
concentrations of amino groups which could serve as reactive sites for grafting of
the polymers. Two different catalysts were used in the coupling reactions: 1-[3-
(dimethylamino)  propyl], 3-ethylcarbodiimide in conjunction with  N-

hydroxysuccinimide (EDC/NHS):
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EDC NHS

Figure 5.0.2: Structures of EDC and NHS
and N,N-disuccinimidyl carbonate (DSC):

Figure 5.0.3: Structure of DSC
The EDC/NHS coupling system activates carboxylic acid groups for reaction with

amino groups and is commonly used to modify peptides and proteins. However,
since the polymers, as received from the supplier, were hydroxy-terminated, it
was necessary to react them with succinic anhydride to generate the required
carboxyl end group. The other activator, DSC, reacts directly with hydroxyl

groups and promotes their reaction with amino groups. The surfaces prepared
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by these grafting reactions were characterized by water contact angle and XPS.
Their ability to repel proteins was evaluated by studying the adsorption of
fibrinogen from buffer.

5.1 Allyl Amine Plasma Treated Surfaces

While plasma polymerization is in general an excellent technique for
surface modification, there are a number of limitations associated with it. It has
been shown that in many cases protein adsorption on plasma polymer surfaces
is not reproducible due to the lack of stability of the plasma polymer (van Os et
al., 2001). In this regard, storage time and storage conditions (e.g. the storage
medium) may play a role. Thus, Griesser et al (1994) stated that the age of the
plasma polymer should be taken into consideration when designing experiments
or evaluating results. Therefore in the present work, the PVP and PEO coupling
reactions were performed immediately following the allyl amine plasma
polymerization.

As indicated, the continuous plasma polymerization of allyl amine does not
produce linear poly(allyl amine); rather a “polymer” with an unknown structure is
produced. Imines, nitriles and carboxyls are among the functional groups found
in plasma polymerized allyl amine (PPAA) surfaces (Krishnamurthy et al., 1989;
Gengenbach and Griesser, 1999). Over time, any amino groups formed can
oxidize to amides (Kingshott et al., 2002, Gengenbach and Griesser, 1999,

Chatelier et al., 1995a, Gengenbach et al., 1996). Also, plasma polymers
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containing amino groups deposited on inorganic substrates (Fally et al, 1995; van
Os et al., 2001), and those formed by treatment in an ammonia plasma (Griesser
et al., 1994) can be subject to partial or complete loss of the plasma polymer film,
especially when immersed in water. Therefore the stability of the plasma
polymerized allyl amine surfaces and its dependence on various parameters
were examined. These included the position of the polyethylene sample in
relation to the glow-discharge region in the reactor, treatment time, immersion in
buffer following plasma polymerization, and aging of the samples in air. While
the energy input parameter, the ratio of power to flow rate (W/F), is very
important for the properties of the film, this was not examined in the present
work. The conditions used were established previously (Wickson and Brash,
1999).

5.1.1 Water Contact Angles of Allyl Amine Plasma Polymerized Surfaces

Advancing and receding water contact angles were determined for the
surfaces prepared under the various reaction conditions. The data are shown in
Figure 5.1.1.

The allyl amine plasma treatment of PE causes a significant decrease in
water contact angles for all conditions used. The surface that was treated for 10
min and placed 6 cm from the glow discharge region (the “standard” position)
showed contact angles of 16.2 +4.7° (advancing) and 11.9 +3.9° (receding). An

increase in the time of plasma treatment to 30 min did not change either the
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advancing or receding angle (a<0.05, one-way ANOVA). Since it is expected,
however, that the thickness of the plasma layer increases as a function time, it
can be concluded that a 10-min treatment may be adequate for maximum
coverage.

Placement of the samples 2 cm closer to the glow discharge region did not
result in contact angles significantly different from those for the samples in the
standard position. The possibility that positions closer to the discharge region
might give more extensive surface modification due to the increased energy of
the plasma and resulting increase in the concentration of active species, was not
borne out. It may be that the maximum modification is already achieved at the
more distant (standard) position.

From Figure 5.1.1 it is seen that immersion of the 10-min samples in
buffer immediately following plasma polymerization caused a significant increase
in contact angles: from 16.2+4.7 to 45.6+9.2 degrees for the advancing angle
and from 11.9+3.9 to 39+9.2 degrees for the receding angle. A similar increase
occurred when the 30-min samples were exposed to buffer. These changes may
be due to the persistence of reactive species in the surface immediately following
treatment, and the reaction of these species with buffer components, most likely
water. It is also possible that immersion in buffer causes surface functional

group reorientation, or that the plasma layer is partly removed. The latter does
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not seem likely since the contact angles remain significantly below those of the

unmodified polyethylene.
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Figure 5.1.1: Water contact angles of allyl amine plasma polymerized surfaces formed
under different conditions. Data are mean 1 SD, n>6. The buffer immersion time was
overnight (16 hours) (gdr is glow discharge region). Plasma modified surfaces showed a
decrease in contact angles, however, immersing samples in buffer significantly increased
contact angles from dry surfaces.

5.1.2. X-ray Photoelectron Spectroscopy Analysis of Allyl Amine Surfaces

The elemental compositions of the allyl amine plasma treated surfaces

were examined using XPS. The results of these evaluations are summarized in
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Figure 5.1.2, which shows the carbon (C1s), oxygen (O1s) and nitrogen (N1s)
contents. Data are shown for both 90 and 20° take-off angles.

It can be seen that moving the sample closer to the glow discharge region
of the reactor increased the nitrogen content slightly at the 90° take-off angle.
However, at the more surface sensitive 20° take-off angle no change was
observed. The carbon content at both take-off angles was lower for the samples
closer to the discharge. The oxygen content was unchanged at 90° and slightly
higher at the 20°-take-off angle. Increasing the plasma treatment time to 30 min
produced surfaces with a lower oxygen content (9%) and higher nitrogen content
(15%) at a take-off angle of 90°. At the 20°take-off angle, the oxygen content
(8.4%) was reduced and the nitrogen content (10.8%) was increased compared
to the samples treated for 10 min. The carbon content is not expected to change
significantly, and only a slight increase at the 90° take-off angle and a slight
decrease at the 20° take-off angle were observed.

Immersion in buffer following plasma treatment caused significant
changes in the elemental composition. For the 10-min samples, the nitrogen
content dropped to 4%, i.e. a decrease of about 70%. The oxygen content
increased slightly and the carbon content increased considerably. Similar
changes were seen for the 30-min allyl amine treated surfaces that were

exposed to buffer.
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Figure 5.1.2: Elemental composition of the allyl amine plasma surfaces. A)C1s, B) O1ls,
C)N1s. Lengthening the treatment time lowers oxygen content. Immersing in buffer
results in a loss of nitrogen. (gdr is glow discharge region; precision is~£5%)
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5.1.3 General Discussion

Various parameters in the plasma polymerization of allyl amine have been
investigated to determine optimal conditions for various objectives (Fally et al.,
1995; Beck et al., 2001; van Os et al., 2001). In the present work, maximizing
the content of nitrogen in the form of primary amines while minimizing the oxygen
content would be desirable. Operating parameters, such as sample position
relative to the discharge region and treatment time, are important in controlling
film properties.

Sample position relative to the glow discharge zone has been investigated
by Yasuda (1990) and Fally et al. (1995). Nitrogen-containing fragments, among
other species, may be stable in the glow discharge region where the monomer is
fragmented, but may not form a polymer film. Samples placed within the glow-
discharge region may produce a plasma polymer having a chemical structure
less well defined than in the post-discharge region due to the extent of
fragmentation. Although a more extensive reaction may occur in the region
downstream of the discharge region, if the location of the sample is too far from
the discharge region, the radicals and other active species may terminate or
deposit on the reactor walls before reaching the sample (Yasuda, 1990).
Placing samples closer to the glow discharge region from the present position (6
cm away from the discharge region) may maximize interactions between the

substrate and the active species, and thus improve film formation (i.e.
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incorporate more nitrogen). It is also possible that closer to the glow discharge
more of the active species (e.g. free radicals) will become trapped within the
plasma film and not be available for reaction with the monomer. These species
could react with oxygen upon removal from the reactor (Fally et al., 1995). Such
reactions can change the properties of the treated surface (Kurosawa et al.,
1999). In addition, samples closer to the discharge may incorporate low
molecular weight components (Yasuda, 1990).

In the present work, moving the samples closer to the glow discharge
region did not seem to improve the film properties. The oxygen content of
surfaces closer to the discharge increased (20° take-off angle) compared to
those further away, indicating that the “closer” samples may have a relatively
high concentration of trapped radicals. Similar to the allyl amine control surface
at a distance of 6 cm from the glow discharge region, these “closer’ surfaces
may be subject to further oxidation over time. The contact angles of samples
plasma polymerized 4 cm from the glow discharge region do not decrease
compared to the 10-min sample at 6 cm from the glow discharge region.
Furthermore, the nitrogen content at the surface (20° take-off angle) remained
the same for the allyl amine surface at both positions in the reactor. Therefore,
placing the samples 2 cm closer to the glow discharge does not seem

significantly different from those further away.
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Treatment time is clearly also an important variable. In general, it is
expected that the thickness of the plasma polymer layer should increase with
time. Also, structural changes including crosslinking may occur (van Os et al,
2001). In the XPS experiments, the substrate may be masked under the thicker
layers expected at longer treatment times especially at the 20° take-off angle.
For the 10-min samples examined at the 90° take-off angle, it is likely that the
underlying polyethylene substrate makes a significant contribution. Increases in
carbon and nitrogen for the 30min compared the 10-min samples are not
unexpected, assuming that the thickness of the plasma layer increases as a
function of reaction time. The data show that the nitrogen: carbon ratio is slightly
higher for the 30 min than for the 10 min treatment time, indicating perhaps a
greater incorporation of nitrogen in the 30-min sample. At longer treatment time,
more radicals in the plasma layers will terminate as new material accumulates
(Yasuda, 1990; Grill, 1994). With lower radical concentrations, reaction with
oxygen will be less extensive. Thus, a decrease in oxygen at both 90 and 20°
take-off angles is not unexpected. These surfaces, in view of the contact angle
data and lower oxygen content, may also be more resistant to aging effects than
the surfaces prepared using the 10-min treatment time. Increased resistance to
aging is highly desirable.

Oxygen is present in all of the plasma treated surfaces. Clearly this is not

related to the allyl amine monomer, which does not contain oxygen. Presumably
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oxygen is incorporated by post-plasma oxidation (Gengenbach and Griesser
1999; Beck et al 2001; van Os et al, 2001; Fally et al 1995), a process that
begins instantaneously upon exposure to the atmosphere. Significant amounts
of oxygen were found on diaminopropane plasma surfaces by Gengenbach and
Griesser (1999) after 4 h in air. It is also possible that oxygen is incorporated due
either to the presence of trace amounts of oxygen in the reactor (Li and Netravali,
1992) or to water adsorbed on the walls of the reactor (Yasuda, 1990; Mas et al.,
1997), although precautions are generally taken to ensure that these sources of
oxygen are minimized.

The majority of post-plasma oxidation is believed to occur by reaction of
persistent free radicals or other active species present when samples are
removed from the reactor, with oxygen in the air (Gengenbach and Griesser,
1999). It has been shown that oxygen rapidly diffuses into the plasma polymer
layer and reacts with radicals to form peroxides that decay into various products
or form secondary radicals (Gengenbach and Griesser, 1999; Gengenbach et al.,
1996; Chatelier et al. 1995a). It is believed that continuation of the allyl amine
flow for a significant period of time (several minutes) after the plasma is
extinguished may reduce oxygen incorporation. In one study, a 10 min post
reaction flow of allyl amine gave an oxygen content of 4% on aluminum
substrates when the plasma was operated at low power input (Beck et al., 2001).

On the other hand, Mas et al. (1997) reported that the oxygen content was as
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high as 18% after a similar treatment when polymerizing on poly(vinylidene
fluoride) at high power input.

Operation of the reactor at low power or at a low power/flow ratio may also
help to reduce the incorporation of oxygen (Beck et al., 2001). Reactors
operated at low power have been found to yield plasma polymers of allyl amine
that have a relatively low content of oxygen, and a relatively high content of
amino groups (Beck et al., 2000, van Os et al., 2001). In continuous mode,
powers of 15 W and less have been shown to give secondary and tertiary amines
in significant amounts (Beck et al., 2001). At higher powers (30-50 W) imines and
nitriles were favoured (Krishnamurthy et al., 1989). As well, it has been shown
that allyl amine fragments are formed at high power (Krishnamurthy et al., 1989)
but not at low power in the range of 0.2-15 W (Beck et al., 2001, Fally et al.,
1995). In the present work the power level selected was 20 W.

Plasma polymers formed by pulsing the plasma on and off have been
found to give structures that more closely resemble linear poly(allyl amine) with a
high content of amino groups (Rinsch et al., 1995). In pulsed mode the power
input is lower than in continuous mode over the same time.

It is probable that optimization of the power level and flow rate.of allyl

amine would lead to more stable surfaces having lower oxygen content.
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5.2 Aging of Plasma Polymerized Allyl Amine Surfaces

It has been shown in many studies that the elapsed time following plasma
treatment affects the chemistry of carbon-based amino-containing surfaces
(Griesser et al., 1994; Gengenbach and Griesser, 1999; Whittle et al., 2000). In
particular, aging seems to affect the integrity of allyl amine derived plasma
deposits. Therefore, experiments were performed to determine whether this
phenomenon was important in the present work.

5.2.1 Surface Analysis of Aged Allyl Amine Surfaces

The XPS data shown in Figure 5.2.1 suggest that there are differences in
the elemental composition of allyl amine plasma surfaces (10-min treatment, 6
cm from the glow discharge region) aged respectively for 3 and 11 days.

Most importantly, there is a decrease in the N1s signal at the 90° take-off
angle, although at the 20° angle there is no change. The oxygen content is
slightly lower at the 90° take-off angle, but higher at 20°. This result is consistent
with two previous studies (Mas et al., 1997; Jaaba et al., 1997) where the
substrate was poly(hydroxybutyric acid)-co-(3-hydroxyvaleric acid) (polyHBA-co-
HVA). Other studies (Jama et al, 1996; Gengenbach et al., 1996; Gengenbach
et al.,, 1999; Whittle et al., 2000) showed that the nitrogen/carbon ratio, as
determined by XPS, continued to change for many weeks following plasma

polymerization.
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Figure 5.2.1: Surface composition of plasma polymerized allyl amine surfaces (10 min
treatment) aged for 3 and 11 days. A) C1s, B) O1s, and C) N1s. Data precision is~+5%. At
the 20°, there is an increase in oxygen, decrease in carbon and similar nitrogen content.
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Surface hydrophilicity, as determined by water contact angles, was
examined over a longer aging period. Figure 5.2.2 shows the change of contact
angles over 30 days for surfaces prepared using 10- and 30-minute treatments.
The data for the aging of the 10-minute surfaces is consistent with those reported
in the literature for surfaces (fluorinated ethylene propylene copolymer [FEP] and
poly[HBA-co-HVA]) formed in an ammonia plasma (Griesser et al., 1994,
Gengenbach et al., 1996; Chatelier et al., 1995a; Jama et al., 1996) and on glass
in an allyl amine plasma (Kurosawa et al., 1999). Similar to the results of Jama
et al. (1996) and Kurosawa et al (1999), the contact angle increased over the first
2-5 days in air and then remained constant. The main process responsible for
this change may be the continued oxidation of the surfaces facilitated by the
inward diffusion of oxygen and subsequent reactions with trapped radicals in the
surface, or migration of polar functionalities to the surface (Gengenbach and
Griesser, 1999; Gengenbach et al., 1996; Chatelier et al., 1995a).

As seen in Figure 5.2.2, surfaces treated for 30 min showed a slower and
less extensive increase in hydrophobicity. This may be due to the lower oxygen
content of these surfaces as seen in Figure 5.1.2b, which may in turn be due to a
lower radical concentration in the plasma polymer. Furthermore, a longer
treatment time may also increase crosslinking of the plasma polymer that may
hinder surface rearrangement. Based on refractive index measurements on

plasma polymers of allyl amine, van Os et al (2001) has suggested that when the
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material is exposed to the plasma for longer times, the deeper layers may
undergo more extensive crosslinking than the surface. However, Chatelier et al.
(1995a) showed that in radio-frequency ammonia plasmas the mobility of surface
amino groups increases with treatment time, suggesting that longer plasma
exposure may enhance degradation rather than crosslinking reactions. In the
present work, the plasma source, reactor geometry and monomer are different
than in Chatelier's work (1995a) and it is possible that crosslinking may be

favoured over degradation as found by van Os et al (2001).
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Figure 5.2.2: Water contact angles of plasma polymerized allyl amine surfaces versus time
elapsed after plasma treatment. Data are mean = 1 S.D., n>6. 30-min showed a slower
increase in contact angles, which may indicate more resistance to aging.
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5.2.2 Discussion of Changes in Surface Physical and Chemical Properties
with Time in Air after Plasma Treatment.

It is of interest to consider the phenomena that may be occurring to cause
these changes in the surface properties over time. Diffusion in the material
surface regions may occur if the presence of the migrating component at the air-
material interface lowers the surface tension. Hydrophilic components will tend
to migrate away from the hydrophobic air-material interface toward the bulk
(Griesser et al.,, 1994; Gengenbach and Griesser, 1999; Gengenbach et al.,
1996; Chatelier et al., 1995a; Wittenbeck and Wokaun, 1993).

Previous aging studies have focused on plasma polymers of saturated
monomers such as diaminopropane (Gengenbach and Griesser, 1999), and on
plasma polymerized allyl amine deposited on aluminum (Whittle et al., 2000).
Whittle et al (2000) showed a slow decrease in the N/C ratio from 0.22 to 0.17
over a period of 30 days. The oxygen/carbon ratio changed from 0.03 to 0.11
over 50 days. Gengenbach et al (1996) showed that in plasma polymers of
ethylene diamine on fluorinated ethylene propylene copolymer the N1s and O1s
XPS peaks broadened over time, reflecting the occurrence of oxidation
processes. However, nitro, nitroso and nitrate groups were not formed. Rather,
nitrogen was present as amide and urea functionalities. After 4 months, the
amino groups were completely converted to amide groups. As indicated

previously, this is probably due to the diffusion of oxygen into the substrate and
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its subsequent reaction with long-lived radicals after the material is removed from
the reactor and exposed to the atmosphere (Yasuda, 1990, Mas et al., 1997,
Gengenbach and Griesser, 1999, Gengenbach et al., 1996, Chatelier et al.,
1995a).

Jaaba et al. (1997) and Mas et al (1997) reported that on a
poly(hydroxybutyric acid)-co-(3-hydroxyvaleric acid) surface treated with allyl
amine plasma, the surface nitrogen content remained constant over 10 days, but
the oxygen content increased. These authors concluded that the inward diffusion
of oxygen caused the increase.

In light of this previous work, it is expected that in aged samples, the C1s
XPS peak will show evidence of oxidized states. However, higher oxidized
states of carbon, especially in the form of amides and urethanes, were found to
be in lower abundance in the 11 day aged allyl amine surface as shown in Figure
5.2.3. As can be seen, the 285 eV component (C-C bonds) is greater in the 11-
day old than in the 3-day old surface. Thus there is a discrepancy between the
high resolution data and the low resolution data at 20°. From the low resolution
data, an increase in oxygen, a decrease in carbon, and a relatively constant
nitrogen content over time suggest that oxidation is occurring. Since the high
resolution is based on curve fitting, including an initial guess, it may be

considered less reliable than the low resolution data.
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Figure 5.2.3: Composition of the C1s envelope for aged allyl amine plasma polymers.
Surfaces were treated for 10 minutes. High resolution data taken at a 20° take-off angle.

Several strategies have been suggested to prevent aging. Placing the
samples in vacuum, a hydrophobic environment, did not prevent changes in
contact angles on plasma polymerized allyl amine deposited on glass (Kurosawa
et al.,, 1999; Krishnamurthy et al., 1989). Another approach is to minimize
residual free radicals in the surface. In this regard, the same processes that
reduce post-plasma oxidation may reduce aging. Some studies (Beck et al.,
2001, van Os et al., 2001) reported low oxygen content when operating at low
power (<15 W) where fragmentation of the precursor is expected to be reduced

since the concentration of highly energetic species in the plasma will be lower.
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Increasing the plasma treatment time in the present work resulted in
surfaces of lower oxygen content and which showed smaller changes in contact
angles over time. Under these conditions, increased crosslinking may occur,
thus giving surfaces that are more resistant to aging. It is unknown if the content
of amino groups changes as the treatment time increases. High resolution N1s
spectra and derivatization with species known to react with amino groups could
be used to estimate the amino group content.

5.3 Discussion of Changes in Surface Physical and Chemical Properties on
Exposure of Plasma Polymerized Surfaces to Buffer.

The possible interactions of plasma polymerized allyl amine surfaces with
buffers and other aqueous fluids are also important, since as biomaterials the
surfaces are exposed to aqueous media in subsequent utilization. It has been
shown that the plasma layer on ammonia-plasma-modified fluorinated ethylene
propylene copolymer can be removed by immersion in water (Griesser et al.,
1994). Hence, organic monomers such as allyl amine were later used to provide
a strongly-adhering carbon-carbon network to prevent the loss of the layer and
hence the amino groups (Krishnamurthy et al., 1989; Griesser et al., 1994). Loss
of the allyl amine plasma layer was observed upon immersion in ethanol when
the substrate was titanium (van Os et al, 2001), or upon immersion in water when

the substrate was gold-coated silicon wafer (Fally et al, 1995).
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In the present work, it was demonstrated that the chemistry of plasma
polymerized allyl amine surfaces was altered by exposure to buffer for 16 hours
and the changes were independent of plasma treatment time. Specifically, the
nitrogen content decreased to less than half of that present immediately following
plasma polymerization (both 90 and 20° take-off angle, Figure 5.1.2c). A slight
increase in oxygen content also occurred (Figure 5.1.2b at the 20° angle). These
changes are unexpected since the plasma polymer was deposited on an organic
substrate (polyethylene) with which the allyl amine is expected to form covalent
carbon-carbon bonds. A loss of nitrogen was also seen by Tang et al. (1998)
when aminated polyethylene terephthalate disks were immersed in buffer for two
weeks.

The hydrophobicity of the plasma polymerized surfaces in this work
increased on exposure to buffer (in Figure 5.1.1) and the XPS data showed
increased carbon content especially at the 90° take-off angle. The high
resolution C1s envelope also showed an increase in the —C-C- component
(Figure 5.3.1) and a decrease in all oxidized forms of carbon compared to the dry
allyl amine plasma surfaces. These data may indicate that part of the plasma
polymer layer was removed, thereby exposing the PE substrate. The changes in
elemental composition and the increase in contact angles occurred for both
treatment times, i.e. 10 and 30 minutes, suggesting that loss of plasma polymer

occurred over the first 10 minutes.
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Figure 5.3.1: Composition of Cis peak of allyl amine plasma polymers: effects of
immersion in buffer. Spectra were taken at 90° take-off angle.

There are two possible reasons for the decrease in nitrogen on exposure
to buffer: surface rearrangement or loss of the plasma layer. As discussed in the
section on aging (5.2), polar functionalities may migrate towards the bulk in a
hydrophobic environment (such as air or a vacuum). Surface rearrangement
does not seem likely in this case since PBS buffer is a polar solvent. In addition,
the surfaces treated for 30 minutes, which may be more extensively crosslinked
and would be expected to exhibit a slower migration process (as seen in Figure

5.2.2), also show the loss of nitrogen. The literature provides support for simple
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loss of the plasma polymer layer when placed in a polar solvent. Water present
in the plasma polymer may cause hydrolysis and degradation, and when placed
in solution, low molecular weight compounds may dissolve out (van Os et al.,
2001; Yasuda, 1990; d'Agostino, 1994). Loss of the deposit may occur because
of changes in surface chemistry that result in loss of functional groups. These
changes may depend on the functional groups present. For allyl amine, amides,
imines and nitriles may be present as well as amino groups (Gengenbach and
Griesser, 1999; Krishnamurthy et al., 1989). Hydroxyl and carbonyl groups may
also be present (Gengenbach and Griesser, 1999). Hydrolysis of certain
functionalities may lead to the incorporation of oxygen and the loss of nitrogen in
the allyl amine plasma polymer when exposed to buffer. Gengenbach and
Griesser (1999) proposed that when imines react with water, oxygen may be
incorporated as carbonyl and nitrogen may be eliminated as ammonia:

R-CH=NH + H,O = R-CH=0 + NH;

Gaseous ammonia could escape during or after treatment (Gengenbach and
Griesser, 1999) as a result of exposure to water.  Nitriles may also be subject to
hydrolysis forming amides (Gengenbach et al., 1999). The relatively small
increase in oxygen for the 10-min sample that was immersed in buffer (Figure
5.1.2B) suggested that these reactions cannot account for all of the nitrogen loss.
The increase in oxygen could explain the loss of nitrogen in the 30-min sample;

however it is expected that the loss of nitrogen occurs by the same mechanism
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for both treatment times. Water penetration through the plasma polymer with
dissolution of low molecular weight polymer chains may be more important (van
Os et al., 2001).

Delamination of the plasma-deposited layer may be dependent on other
conditions in the reactor. The degree of polymerization has been found to
contribute to the level of delamination (van Os et al., 2001). It was seen in the
present work that increasing the treatment time, expected to increase the degree
of polymerization, did not prevent delamination. Chatelier et al. (1995b) varied
the power:flow rate ratio (W/F) in an attempt to produce a plasma polymer of
heptylamine that would not delaminate from muscovite mica in water. However,
if the energy parameter, W/F, is too low, the plasma polymer may fall into the
“powder” regime and subsequently delaminate (d’Agostino, 1994, Yasuda, 1990,
Beamson et al, 1985). Highly crosslinked plasma polymers formed from allyl
amine at higher power input were insoluble in chloroform, water at room
temperature and boiling water (Krishnamurthy et al., 1989).

The significance of buffer effects for the present work is the possibility that
the changes that occur may affect subsequent conjugation reactions and
interactions with proteins. In light of the XPS and contact angle data, it is unclear
whether the proteins in contact with these surfaces will respond to the surfaces
as removed from the plasma reactor, or as altered by contact with the buffer. As

will be seen below, the time of immersion in buffer between 1 and 2 days does
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not appear to affect the interactions between the plasma polymerized allyl amine
surface and fibrinogen (Figure 5.6.1).

The choice of solvent in the polymer grafting reactions is important for the
yield of these reactions. From the XPS data, it is seen that the nitrogen content
decreased upon immersion in buffer. Therefore, the amino group content (the
functional groups required for grafting) may also decrease, resulting in fewer
sites for grafting of the PEO and PVP polymer chains.

Since the concentration of free amino groups is important for the grafting
reactions, quantification of these groups is desirable. High resolution N1s XPS
data have the potential to yield functional group information; although the
spectral resolution may be marginal for this purpose (e.g. amines versus amides
[Griesser et al., 1994]). Derivatization reactions can also be used to quantify
specific functions. Common derivatization reagents are pentafluoroaldehyde
(Sodhi et al., 2001; Gengenbach and Griesser, 1999) and trifluoroacetic acid
(Rinsch et al, 1995), which have been used to determine free amino groups via
the XPS fluorine signal. However, incomplete reactions, nonspecific desorption of
the reagent, and dissolution of the plasma polymer in the reaction solvent are
some of the difficulties associated with these techniques (Fally et al, 1995).

5.4 Chemical Modification of the Polymer Chain Ends of PEO and PVP for
Grafting

PVP and PEO surfaces were prepared by grafting the preformed polymers

to polyethylene via chain-end attachment. The polyethylene surfaces were first
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modified by the plasma polymerization of allyl amine to provide amino groups for
reaction with appropriate functions at the polymer chain ends, e.g.-COOH to form
an amide linkage. In this work, two reagents were studied: 1) 1-[3-
(dimethylamino)  propyl)]-3-ethylcarbodiimide  and  N-hydroxysuccinimide
(EDC/NHS), and 2) N-N-disuccinimidyl carbonate (DSC).

5.4.1 Chemical Modification of Hydroxy-PVP and -PEO with EDC and NHS

The EDC/NHS coupling system activates carboxylic acid groups for
reaction with amine groups to form an amide bond. Since the polymers as
purchased were hydroxyl-terminated, it was necessary to react them with
succinic anhydride to generate the desired carboxyl end group before reacting
with EDC/NHS. A schematic illustrating the polymer activation reaction is shown
in Figure 3.4.1. Figures 5.4.1 and 5.4.2 show, respectively, the NMR spectra for
the products of the reaction of PEO and PVP 2500 with succinic anhydride.

In Figure 5.4.1, the dominant peak at 3.5 ppm (b) can be assigned to the
ethylene oxide mer of PEO. The sharp peak at 3.3 ppm (a) represents the
methoxy end group protons. The peak at about 4.3 ppm (d) is assigned to the
linkage of the PEO and succinic acid moieties, and the new protons from the
succinic acid moiety are represented by the peak at 2.62 ppm (e) (Du,‘ 2001).
Peak integration shows that the conversion is >70% (ratio of peaks d to a,

divided by the expected ratio of 0.66).
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Figure 5.4.1: Proton NMR spectrum of PEO following reaction with succinic anhydride.
Solvent is CDCI; with peak at 7.24 ppm. The expected product is shown in the inset. Note
formation of bond at peak d (4.3 ppm).

Figure 5.4.2 shows the NMR spectrum of the product when PVP 2500
reacts with succinic anhydride. The PVP spectrum is more complex. N-vinyl
pyrrolidone is generally polymerized in isopropanol, thus leading to an isopropyl

residue at one end (Haaf et al., 1985). The other end group is reported to be
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methyl. The isopropyl and methyl group protons have similar chemical
environments and the peak in the vicinity of 1.2 ppm is assigned to them. The
broad peaks represent the protons from the polymer. The backbone protons,
methine and methylene, are assigned to peaks b and ¢c. The peaks d, e, and f
are assigned to the protons from the lactam group (Haaf et al., 1985). Peaks at
2.92 (g) and 2.81 (h) ppm are assigned to the protons of the succinic acid moiety
(Du, 2001). However, the protons assigned to unreacted succinic anhydride (i)
and the by-product, succinic acid (j), appear in the spectrum at 2.97 ppm and 2.5
ppm respectively. The products of the reaction of succinic anhydride with PVP
2500 and PVP 10,000 showed similar spectra. The large polydispersity of the
PVP samples leads to unreliable peak integration and estimates of conversion,
typically of the order of 50%, are only approximate.

The next step in chain end modification was the reaction of the carboxyl
group with EDC and NHS. Effectively NHS is substituted for the carboxylic end
group: it is a much more effective leaving group in the subsequent polymer
coupling reaction. The NMR spectra of carboxylated PVP and PEO after reacting

with EDC/NHS are shown in Figures 5.4.3 and 5.4.4 respectively.

105



X YEE Y

"

Figure 5.4.2: Proton NMR spectrum of PVP 2500 following reaction of hydroxy terminated
polymer with succinic anhydride. Structures of A) expected PVP product, B) succinic acid,
C) succinic anhydride are shown in insets. Solvent is CDCI; with peak at 7.24 ppm. Peak g
and h suggested the presence of the protons from the succinic acid moiety.

As seen in the Figure 5.4.3, the link between the PEO and the succinic
anhydride moiety remains intact (peak c at 4.3 ppm). The peak at 2.6 ppm in
Figure 5.4.3a should split into two triplets centred at 2.78 and 2.92 ppm (Du,
2001). One triplet appears at 2.92 ppm, while the peak at 2.78 overlaps the
proton signal from the N-hydroxy succinimide and the peak splitting is unclear.

The peak at 2.83 ppm is assigned to the protons from the N-hydroxy succinimide
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moiety (Du, 2001). The conversion for this reaction is estimated to be about 30%
(ratio of peak f to peak a). The overall conversion for both steps is estimated to
be about 25%.

Figure 5.4.4 shows NMR spectrum of the product after carboxylated-PVP
2500 reacts with EDC/NHS. Since the protons from the N-hydroxy succinimide
(peak i) appear in the vicinity of 2.80 ppm, the peak for these protons may
overlap the peaks for the succinic acid end group (peak h). The peak (g) at 2.92
ppm is visible, indicating that the succinic acid end group may remain intact. The
yield is estimated to be 15% (ratio of peak i to peak g). The overall yield for PVP
is about 10%, although it can be as high as 25% for the two-step activation
process.

Purification of the intermediates was not as successful for PVP as it was
for PEO (Figure 5.4.2), which may affect the yield of subsequent reactions. Free
succinic acid may compete with PVP for reaction with EDC and NHS. The NMR
spectrum will likely not differentiate between the protons of the N-hydroxy
succinimide moiety bonded to succinic acid and those of N-hydroxy succinimide
bonded to carboxylated-PVP. The PVP moiety is more than 10 bonds away from
the N-hydroxy succinimide, and thus the N-hydroxy succinimide moiety oﬁ either
carboxylated-PVP or succinic acid will appear at similar positions. The succinic
acid also may not be completely removed in the purification steps after the

reaction with EDC and NHS. Succinic acid complexed to NHS may react with

107



amino groups in the surface, thus lowering the grafting yield of PVP to the

aminated surfaces.
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Figure 5.4.3: Proton NMR spectrum of the carboxylated-PEO after reaction
with EDC/NHS. Solvent is CDCI3 with peak at 7.24 ppm, shown in (a). (a) O-
7.5 ppm (b) 2.6-3.8 ppm. Expected product shown in inset of (a). A triplet at
peak d, and the larger integration at f and e may have indicated that NHS
has reacted.
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(b)

Figure 5.4.4: Proton NMR spectrum of carboxylated-PVP after reaction with EDC and NHS.
Solvent is CDCI; with peak at 7.24 ppm; a) 0-8.0 ppm b) 1.0-4.0 ppm. Expected product is
shown in inset of (a). Peak i indicated that NHS has reacted.

110



5.4.2 Chemical Modification of Hydroxy-PVP and -PEO with DSC

An alternative chain-end activation procedure using N,N-disuccinimidyl
carbonate (DSC) was investigated. It was hoped that a higher yield would be
obtained since DSC activation is a simpler, one-step process. Disuccinimidyl
carbonate has been used to conjugate protected xylofuranose to L-ephedrine
(Ghosh et al, 1992) or diacryl-glycerophosphatidylethanolamine to bis-o-
hydroxypolyethylenoxy disulphide as an anchor for gold surfaces (Boden et al.,
1998), and offers a simpler approach by reacting directly with hydroxyl groups.
The reaction yield can sometimes be improved by the use of a catalyst, a
common one being triethyl amine (Ghosh et al., 1992). The carbonate compound
can react subsequently with amino groups to form a carbamate bond (Figure
3.5.2). The leaving group is very similar to that in the succinic anhydride,
EDC/NHS 2-step coupling system. The possibility exists that the byproduct NHS
could remain if the purification were not complete. However, it was not expected
that NHS would compete with the modified PVP for amino groups in the surface.

The NMR spectra for the products of this reaction using the triethyl amine

catalyst are shown in Figures 5.4.5 and 5.4.6.
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Figure 5.4.5: Proton NMR spectrum of PEO after reaction with DSC. Solvent is CDCl; with
peak at 7.24 ppm. Expected structure is shown in inset. Peak ¢ Indicated that a new bond
has formed in PEO.

As seen in Figure 5.4.5, the peak at 4.45 ppm (peak c) showed that a new
bond has formed between PEQO and DSC, while the protons of the N-
hydroxysuccinimide residue appeared at 2.80 ppm (peak d). From peak
integration (ratio c:a, divided by the expected ratio of 0.66), the conversion is
estimated to be about 70%. Without the catalyst, the conversion for PEO was

typically 15%.
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Figure 5.4.6 shows the NMR spectrum of the product of the reaction

between PVP 2500 and DSC.

R L iAa

Figure 5.4.6: Proton NMR spectrum of PVP 2500 after reaction with DSC. Solvent is CDCl,,
with peak at 7.24 ppm. Expected product (A) and byproduct NHS (B) are shown in inset.
Peak g represents the protons from the NHS moiety, while peak h is from NHS byproduct.

In Figure 5.4.6, the peak at 2.80 ppm (g) was assigned to the protons of
the N-hydroxysuccinimide residue on the PVP. The peak at 2.69 ppm (h)
represented the protons of the by-product, N-hydroxy succinimide. Because of

the complex chemical environment of PVP, the yield was difficult to determine
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accurately but was estimated to be about 55% (ratio g:a), although yields are
typically 30%. PVP 10,000 gave a yield of about 25% with or without catalyst.

It was seen, with both coupling systems, that the yield was low especially
for PVP (both MWs). Thus it appeared that the yield of activated PEO and PVP
(especially PVP) was low whether DSC or EDC/NHS is used. To compensate for
the low content of chain-end-activated molecules in the polymer samples, a large
stoichiometric excess relative to the assumed amino group content of the surface
was used in the grafting step. In addition, relatively long reaction times were used
to ensure a high extent of reaction for all three polymers and compensate for
differences in diffusivity. From these considerations and since the PEO and PVP
have similar molecular weights, it may be reasonable to expect that the graft
densities of the polymers are similar.

5.5 Surface Properties of PVP and PEO Modified PE Surfaces

PVP and PEO were grafted to plasma polymerized allyl amine surfaces
following activation. For both the EDC/NHS and DSC activation systems, the N-
hydroxy succinimide moiety is the leaving group. In the EDC/NHS system, the
aminated surface forms an amide bond via the succinic acid moiety to PEO and

PVP.
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Figure 5.5.1 Grafting of EDC/NHS activated polymers to allyl amine plasma layer via amide
bond formation.

in the DSC activation system, the aminated surface forms a carbamate bond with

PEO and PVP (Figure 5.5.2).
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Figure 5.5.2 Grafting of DSC-activated polymers to allyl amine plasma layer via carbamate
bond formation.

5.5.1 Water Contact Angles
Contact angles and XPS were used to characterize the surfaces. Figure
5.5.3 shows the water contact angles obtained for the modified surfaces using

the different coupling systems.
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Figure 5.5.3: Water contact angles of PEO and PVP modified surfaces (a) polymers
activated with EDC/NHS; (b) polymers activated with DSC. Data are mean + 1 S.D, n>20
(pooled). Contact angles increased on the polymer-modified surfaces, although this
increase was higher on surfaces activated with DSC.
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As seen in Figure 5.1.1 and Figure 5.5.3, the plasma polymerization of
allyl amine resulted in a large reduction in the water contact angles relative to
PE: from 95 to 162 for the advancing, and from 84 to 112 for the receding angles.

Reaction of the allyl amine modified surfaces with the polymers increased
the water contact angles in all cases, with the PEO-modified surfaces showing
the highest values. PVP and PEO activated with EDC/NHS gave advancing
angles between 42 and 47° and receding angles between 32 and 37°. PVP and
PEO activated with DSC gave advancing angles between 52 and 59° and
receding angles between 41 and 50°. Both PEO and PVP are hydrophilic
polymers. Thus coatings of PEO and PVP of various molecular weights on
polyethylene terephthalate gave contact angles of 20° (Desai and Hubbell, 1991).
Therefore it seems likely that the surface coverage of the polymer-modified
surfaces in the present work is less than 100%. It is interesting to note that the
polymers activated with the EDC/NHS reagent showed significantly lower contact
angles (0<0.05, one-way ANOVA) than those activated with DSC. Although the
water contact angle measurements do not give information on the chemical
composition of the surfaces, the data suggest that more extensive grafting

occurred on these surfaces than on those formed with DSC-activated polymers.
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5.5.3: XPS Analysis of the Grafted Surfaces Using EDC/NHS-activated
Polymers.

XPS was performed on the surfaces obtained using the polymers
activated with EDC/NHS at the Institute of Chemical Processing and
Environmental Technology (ICPET) in Ottawa. It is important to note that the
surfaces had aged anywhere between 11 and 26 days from the time of
preparation to the time of analysis. As discussed in section 5.2, aging affects the
structure of the allyl amine plasma polymer with significant changes in chemical
properties over time.

Figure 5.5.4 shows the elemental composition from low resolution data at
both 90 and 20 degree take-off angles. For the unmodified PE, the carbon
content is of the order of 90 to 95%. Small amounts of nitrogen and oxygen are
also present. The latter are presumed to result from surface contamination, and
this is supported by the greater values at the more surface sensitive grazing
angle. Following plasma polymerization of allyl amine, the XPS spectra show the
presence of significant nitrogen as would be expected. The high content of
oxygen in this surface is likely the result of reaction of atmospheric oxygen with
free radicals present in the plasma polymer following removal of the surfaces
from the plasma reactor.

Modification of the plasma polymerized allyl amine surfaces with either

PVP or PEO resulted in a slight increase in the C1s signal. The carbon content
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in the PVP surfaces is consistent with theory. The PEO surface has a carbon
content higher than the theoretical value at both 90 and 20°, suggesting that the
surface coverage is not complete or not thick enough to mask the underlying
surface completely.

An increase in the oxygen content was observed on all polymer-modified
surfaces compared to the allyl amine precursor, and this increase was slightly
greater at both take-off angles on the surfaces modified with PEO than on those
modified with PVP. The theoretical XPS oxygen content of PVP is 12.5%, and if
the surface coverage is significant, a decrease in oxygen in the PVP-modified
surfaces may be expected. The data show in fact that the oxygen content
increased, possibly due to the presence of succinic acid residues (as discussed
above) or other contaminants. For the PVP 10,000, the oxygen content was
greater at 20° than at 90°, possibly due to contaminants. The oxygen content of
the PVP 2500 surface was lower at 20° than at 90°, suggesting that more PVP
may be incorporated at the lower molecular weight.

The theoretical oxygen content of PEO is 33% and an increase in surface
oxygen was expected after grafting on PE if coverage is significant. The data

showed that such an increase, greater at 20° than 90°, was in fact observed.
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Figure 5.5.4: XPS elemental analysis of PEO- and PVP-grafted surfaces.
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A small decrease in the N1s signal was observed on all polymer-modified
surfaces, the decrease being greater on the PEO- than on the PVP-modified
surfaces. A decrease for PEO was expected. For PVP since the theoretical
nitrogen content was 12.5%, i.e. slightly higher than the observed nitrogen
content of the allyl amine layer, an increase in nitrogen was expected if the
surface coverage is significant. A decrease was actually observed and, for the
moment, this observation was not understood although it may indicate that the
allyl amine plasma layer has been partly delaminated from the polyethylene.

High resolution C1s spectra were also obtained to provide information
about the chemical bonding states of carbon. These spectra were fitted using a
non-linear least squares routine based on the Marquardt-Levenberg method
(Sodhi, 2003). An initial guess is made based on the expected chemical
environment, taking the line shape into consideration. Parameters such as the
full-width at half maximum (FWHM), the peak positions and peak heights are
initialized. Typical FWHM are of the order 1.5 - 2 eV, and a Gaussian —
Lorentzian (80:20) peak shape is used. When the FWHM is allowed to vary, the
algorithm can develop problems. Therefore, the values of FWHM were
constrained once a reasonable width was determined. The procedure was
continued until a reasonable fit (done by eye) was obtained. It is important to
have some independent knowledge of the chemistry of the system and that the

final fit is consistent with what is known (Sodhi, 2003). For the high resolution
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C1s envelope, the standard energies chosen were 285 eV (for C-C), 286.4 eV
(for C-O or C-N), 287.5 eV (for N-C=0 or C=0), and 288.8 eV (for O=C-N-C=0
or O=C-0-C=0) (Beamson and Briggs, 1992).

Figure 5.5.5 shows C1s high resolution spectra for the allyl amine and
polymer-modified surfaces. Although the dominant C-C peak is usually fixed at
285 eV, the ICPET data output centred this peak at 283.6 eV (Figures 5.5.5 and
5.5.6).

As seen in Figure 5.5.5, the spectrum of the PEO surface was different
from that of the allyl amine precursor. The increase in the peak at 285 eV (C-O)
suggested the presence of PEO. The spectra of both PVP surfaces are
essentially the same as that of the precursor and do not provide any additional
evidence of PVP attachment.

Figure 5.5.6 shows the composition of the C1s peaks. Complete surface
coverage of PVP with no contribution from the underlying substrate should result
in 33% and 15% of the C1s envelope at 285 eV (C-N) and 286.4 eV (N-C=0)
respectively (in this case only). However, the C1s envelopes in the PVP
surfaces do not show this distribution. The difficulty in comparing PVP to the allyl
amine precursor surface is that both surfaces contain essentially the same
functions. High resolution C1s spectra may thus not reveal the presence of PVP

unless close to complete coverage is achieved.
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Figure 5.5.5: High Resolution Cis spectra of allyl amine, PEO and PVP (activated by
EDC/NHS) surfaces at the 20° take-off angle. ICPET positioned C-C peak at 283.6 eV. The
PEO surfaces showed a different shape from the allyl amine surface while PVP surfaces
do not show much difference. Peak 1 is assigned to C-C bonds, peak 2 to C-N or C-O, peak
3 to amides and peak 4 to urethane or anhydride functionalities.
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Figure 5.5.6: Composition of the C1s envelope of the allyl amine, PEO- and PVP-grafted
surfaces activated with EDC/NHS at the 20° take-off angle. The PEO surface showed a
decrease in amide and urethane functionalities, while PVP surfaces had similar
composition to the allyl amine surface.

5.5.3 XPS Analysis of the Grafted Surfaces Using DSC-activated Polymers.
XPS analysis of the DSC-activated polymer surfaces was performed at
Surface Interface Ontario (S1O), University of Toronto. In this case, the samples
had aged for 3 days prior to analysis. The low-resolution data at take-off angles
of 90 and 20° are summarized in Figure 5.5.7.
On all the polymer-modified surfaces, small increases in the C1s signal
relative to the allyl amine control are observed. As seen in Figure 5.5.7, a thick

layer of PEO would have a lower carbon content than the allyl amine and a layer
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of PVP would have about the same carbon content. The interpretation is made
difficult by the fact that the XPS most likely “sees” the underlying PE as well as
the allyl amine and grafted polymer components. Indeed it would appear that the
PE is more evident in the grafted surfaces, especially the PVP, than in the allyl
amine.

The PEO surface shows an oxygen content (90°) of about 15%, i.e. similar
to the allyl amine control, but less than the 33% that would be expected for a
thick PEO layer. At 20° the PEO surface shows slightly higher oxygen content
than the allyl amine suggesting that some grafting has occurred. The oxygen
content of the PVP surfaces is slightly lower, but not significantly so, than either
that of the allyl amine or the theoretical value of 12.5% for PVP. Lower oxygen
values support the conclusion that more of the PE substrate is “visible” (XPS) in
the PEO than in the precursor allyl amine surface.

For all the polymer-modified surfaces a reduction in the N1s signal relative
to the allyl amine control was observed. A decrease in nitrogen is expected for
the PEO but not for the PVP. Complete coverage of the surface by a thick layer
of PVP would result in a nitrogen content of 12.5%, i.e. an increase compared to
the precursor surface. Again, as for the carbon and oxygen data, these results
suggest that the content of PVP is low on these surfaces and that there may be

patches where the PE substrate is visible.

125



100

I 90 degree
20 degree

<
[
<
[
Q
5 :
<
35
30 1
_ 90 degree
B 25 20 degree
E
5]
K
Q
€
L
<
PE e 5 2%, 5 0%, g0 | oV®
2™ PeC ey ?"? Qe xe\“‘a
e yne®
14
Em 90 degree
12 4 EEEEE 20 degree
E.10 1
@ C)
S g
()]
Q
£ 4
S 6
<
4 e
2
0 B

2 5% _ 10%  oV®

E ne
¥ m\ ?\j? e\\ca

Q\k
AW ?EO

Figure 5.5.7: XPS elemental analysis of PEO and PVP-grafted surfaces. Polymers activated
with DSC. A) Cis; B) O1s; C) N1s. Data precision ~+5%. Decreases in nitrogen for the PVP

and a slight increase in oxygen for PEO suggested that there is a low surface coverage for
the polymer-modified surfaces.

126



The overall conclusion from the low resolution XPS data is that the graft
density of the polymers on these surfaces is low.

Figure 5.5.8 shows the high resolution C1s spectra for the PEO and PVP
modified surfaces. The C1s envelopes for the PEO and PVP surfaces are not
qualitatively different from that of the allyl amine. This contrasts with the data for
the EDC/NHS activation system. Figure 5.5.9 shows numerical estimates of the
peak areas in the C1s envelope. If the surface is completely covered with a thick
layer of PEO, the carbon 1s peak should be centred at 286.4 eV, representing
Ci1s in C-O bonds (Beamson and Briggs, 1992). At this energy, there is little
difference between the PEO and the allyl amine surfaces. However, there is a

decrease in the tail portion of the C1s envelope (greater than 287 eV).
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Figure 5.5.8: High Resolution C1s spectra at 20° take-off angle of allyl amine, PEO and PVP
(DSC activation). Surface Interface Ontario centres C-C bond at 285 eV. Not many
differences were seen between allyl amine and the polymer-modified surfaces. Peak 1
represents C-C, peak 2 represents C-O or C-N, peak 3 represents amides, and peak 4
represents urethane or anhydride functionalities.
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Figure 5.5.9: Composition of the C1s envelope for DSC-activated polymers and allyl amine.
High resolution spectra was taken at 20° and envelope was centred at 285 eV. All modified
surfaces showed similar composition, which suggested low surface coverage.

Similar to the EDC/NHS system, the surfaces grafted with PVP that was
activated with DSC are not significantly different from the allyl amine control,
although a slight decrease in the tail of the C1s envelope (> 288 eV) is observed.
The chemical functionalities of these surfaces are clearly similar and
discrimination based on analysis of the C1s peak is not feasible.

The fundamental difficulty in assessing XPS data in this study is thét there
are no distinct marker elements for PVP or PEO that could distinguish them from
the underlying plasma polymerized allyl amine surface. The trends in the low

resolution spectra are difficult to assess since an oxidation process occurs in the
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allyl amine plasma polymer, resulting in oxygen incorporation. The polymers are
expected to be bonded to the surface through an amide bond or a carbamate
bond. However, due to post-plasma oxidation and general aging of the allyl
amine surfaces, the oxidized species in the C1s envelope of the polymer-
modified surfaces cannot be attributed solely to the bonds between the polymer
and the surface.

5.5.4 General Discussion of PEO and PVP Grafting

The comparison of PEO to PVP in the present work is inherently limited
by the different properties of the polymers. The PEO used has a narrow
molecular weight distribution, with a polydispersity of 1.04. The PVPs have
broader molecular weight distribution, with polydispersities of 1.9 and 3.9 for the
2500 and 10,000 molecular weight polymers respectively. In the polymerization
of PEO, the anionic mechanism essentially eliminates chain-transfer and
termination steps (Harris, 1992) while for PVP, produced by radical
polymerization, transfer and termination are important (Robinson et al., 1990).
Polydispersity could significantly affect the reactivity of the polymer chains, the
graft density achieved and other properties of the resulting surfaces. For
example, it is likely that smaller chains would react preferentially to larger ones.

The approach of grafting preformed polymer chains to surfaces has a
number of disadvantages. The relatively high molecular weights of the polymers

can result in significant steric inhibition of the grafting reaction and reduce the
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achievable surface chain density (Rovira-Bru et al., 2001). Furthermore, the
polymer, as it approaches the surface, may not be in the right orientation for the
reaction of the chain end with the active site in the surface to occur (Kingshott et
al, 2002; Sofia et al, 1998).

Surface grafting may depend on the choice of activation group and
grafting reaction conditions. Activating groups play a role in the reaction rate and
grafting efficiency of the polymers. Aldehyde-terminated PEO was used to attach
the polymer to plasma polymerized allyl amine surface (Kingshott et al, 2002)
resulting in a high polymer graft density, as shown by high resolution C1s data.
This reaction proceeds through formation of a Schiff base. Activating groups
such as tresyl chloride have been used to bond hydroxy-terminated PEO to
aminosilane-coated silicon wafers. The density estimated from ellipsometry data
was 100 ng/cm? for PEO of molecular weight 3400 (Sofia et al., 1998).

In the present work, neither of the chain-end activation reactions gave
high conversion despite the fact that a large excess of reagent was used. Clearly
this would limit the extent of polymer grafting. Grafting is also dependent on the
chemical properties of the underlying plasma polymerized allyl amine. The
alteration of this layer by buffer exposure may also contribute to the low graft
density of PEO and PVP.

Changing the conditions of the coupling reaction may improve the grafting

efficiency and surface coverage. In the present work a pH of 7.4 was used for
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the coupling reaction. Although EDC and NHS are effective up to pH 7.5, they
are more stable at pH 5 (Hermanson, 1996). Therefore, operating a lower pH
may increase the graft density of the polymers on the surface. Varying the
concentration of triethyl amine and adding a promoter in the grafting reaction
(Boden, 1998) may further improve yields. Other variables that may be important
are ionic strength and type of buffer.

In aqueous solution PVP and PEO, exhibit an inverse temperature
dependence of solubility (cloud-point) that reflects a phase change due to loss of
hydration as temperature increases, resulting in a reduction of interchain
distances (Kingshott et al., 2002, Guner, 1996). Salt concentration also affects
the cloud point. It is possible that near the cloud point, higher graft density may
be achieved. This phenomenon has been clearly demonstrated for thiolated
PEO chemisorption to gold-coated surfaces (Unsworth, 2003). However,
Kingshott et al. (2002) have cautioned that a minimum density of surface
attachment points (e.g. amino groups) is required, even near the cloud-point. In
this regard it was shown that the allyl amine plasma surfaces are altered when
immersed in buffer, and it is possible that a loss of amino group content occurs.

Graft density is an important factor in resistance to protein adsorption as
has been shown for PEO (Szleifer, 1997; McPherson et al, 1998, Jeon et al.,
1991). Knowledge of the graft densities of the polymer chains would allow a

more meaningful comparison between PVP and PEO. The XPS data in the
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present work do not allow determination of graft density. However, since PVP is
a bulkier molecule than PEQ, it might be expected to give surfaces of lower graft
density that would show lower resistance to protein adsorption.
5.6 Fibrinogen Adsorption to the PEO- and PVP-grafted Surfaces

The interaction of fibrinogen with the different surfaces was examined
using radiolabeling methods as described in Chapter 3. It is expected that
surfaces with terminally-attached hydrophilic polymer chains at sufficiently high
graft density should show reduced protein adsorption (Leckband et al., 1999).
PEO has been widely reported to repel proteins. PVP has been shown to be
biocompatible, e.g. as a plasma expander, and thus may also be protein
repellent (Robinson and Williams, 2002; Rovira-Bru et al., 2001; Francois et al.,
1996).

Data on fibrinogen adsorption from buffer to: (a) the surfaces prepared
using PEO and PVP activated by EDC/NHS, and (b) the surfaces prepared using

PEO and PVP activated by DSC are shown in Figure 5.6.1.

133



1.0

a)

A

o
©

L .
e ————————— Allyl amine

~

°
©

FE

o
~N

4

cmemmegmm == mm === D\/P D 5K

o
o

Fibrinogen adsorbed (ug/cmz)

.’.::.........CC...::........'Q.......O.......! PVP 1OK

s 4 1 PEO 2K

0.4

0.3

8.0€ " " " : 4

0.0 0.2 0.4 0.6 0.8 1.0
Fibrinoaen Concentration (ma/mL)
12}
b)

1.1
NE 1.0}
S r :
Zool ! t Allyl amine
3 . ' PE
g 0.8
% *
© 2
. ' PVP 2.5K
(=]
g | PVP 10K
506 | PEO 2K

05t [

04/

9:6/. P i a A Ve

0.0 0.2 0.4 0.6 0.8 1.0

Fibrinogen Concentration (mg/mL)

Figure 5.6.1: Fibrinogen Adsorption to PEO and PVP surfaces a) EDC/NHS activation
system b) DSC activation system. Adsorption time 3 h, PBS buffer pH 7.4. Data are mean =
1 S.D., n>9 (pooled data from 3 experiments). The PEO surface is the most protein
repellent surface in both activation systems.
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As seen in this figure, the allyl amine plasma surface adsorbs more fibrinogen
than PE. A similar trend has been observed by other investigators (Tang et al.,
1998). The time of immersion in buffer prior to adsorption did not affect the data:
exposures of 16 or 48 h gave similar adsorption values. From these data, it is
clear that hydrophilicity is not the only factor involved in determining the level of
protein adsorption to the surfaces, since the water contact angles on the plasma
polymerized allyl amine surface were significantly lower than on any of the other
surfaces. Plasma polymers of allyl amine seem to contradict the commonly held
view that hydrophilic surfaces adsorb less protein than hydrophobic ones
(Griesser et al.,, 1994; Tseng and Edelmen, 1998; Tang et al., 1998). The
polymer-modified surfaces show reduced protein adsorption in varying degrees.
The surface modified with PEO, activated by either EDC/NHS or DSC, adsorbed
the smallest amount of fibrinogen. Surfaces based on the EDC/NHS activated
polymers show lower fibrinogen adsorption than those based on activation with
DSC. This trend correlates with greater hydrophilicity of the surfaces based on
activation with EDC/NHS compared to those based on activation with DSC.
Figure 5.6.2 shows the reduction in fibrinogen adsorption for the two activation
systems compared to PE at a fibrinogen concentration of 1 mg/mL. In spite of the
relatively large data scatter, particularly for the DSC-activated system, it is clear
that these surfaces are significantly protein repellent, and adsorb less fibrinogen

than the precursor polyethylene. The PEO surface shows a reduction in
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fibrinogen adsorption of 36+7% when activated with EDC/NHS, and only 21+7%
when activated with DSC. The PVP surfaces show a reduction of 25-30% when
activated with EDC/NHS, but only 10-14% when activated with DSC.  From
these data, it appears that there are no differences between the PEO and PVP or
between the PVP 2500 and PVP 10000 surfaces. The similarity in the fibrinogen-
repellent properties between the two PVP molecular weights is perhaps not
surprising since the molecular weight distributions overlap. It may be that the
molecular weights of the actual grafted chains (favouring the lower molecular

weights) are similar in both cases.
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Figure 5.6.2: Reduction in fibrinogen adsorption compared to PE for both chemical-
activating systems at 1img/mL fibrinogen concentration of PEO and PVP. Data are mean
+1 S.D., n>9.
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5.7 General Discussion of Protein Resistance

Although the XPS data suggest that high densities of PEO and PVP were
not achieved in this work, the protein adsorption data show that the surfaces are
significantly protein repellent. Relative to the data of Kingshott et al (2002) for
PEO surfaces prepared in a similar manner, the reduction in fibrinogen
adsorption on the surfaces in the present work is lower, and again it is clear that
the density of PEO grafts is relatively low. Similarly for the PVP surfaces, the
reductions achieved in the present work are lower than those observed by others
(e.g. Rovira-Bru et al (2001) showed that PVP graft-polymerized on silica at a
high density reduced lysozyme adsorption by 75%).

It is useful to consider the mechanisms generally considered to be
responsible for the protein resistance of polymer-grafted surfaces. In particular,
comparison of PVP and PEO in the context of these mechanisms with a view to
understanding the reasons for the apparent greater effectiveness of PEO is of

interest.

5.7.1 Steric Exclusion Mechanism of Protein Resistance

Steric exclusion has frequently been advanced as a mechanism to explain
the protein repellent properties of polymer-grafted surfaces, especially PEO
surfaces (Leckband et al., 1999; Morra, 2000; Nagaoka et al., 1984). This

mechanism was also invoked to explain why PVP-grafted liposomes have longer
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lifetimes in the circulation (Torchilin, 2001) because of resistance to protein
adsorption (Robinson and Williams, 2002; Rovira-Bru, 2001). The steric
exclusion mechanism holds that terminally grafted polymer chains are
compressed when a protein approaches the surface. This action generates
repulsive entropic and osmotic interactions which overcome attractive van der
Waals interactions and thus prevent the protein from adsorbing (Leckband et al.,
1999). A surface with a high density of relatively long, hydrophilic polymer chains
was suggested to be an effective protein repellent material via steric exclusion
(Jeon and Andrade, 1991). The effectiveness of the steric barrier is dependent
on excluded volume effects that are related to chain properties such as the
radius of gyration, flexibility and solvent-polymer interactions (Szleifer, 1997,
Nagaoka et al, 1984). On this basis, PEO and PVP should be effective protein
repellent agents.

Protein repulsion is expected to be dependent on polymer size. Radius of
gyration and end-to-end distance may be relevant parameters in this regard. It
is also clear from the literature (Jeon and Andrade, 1991, Leckband et al., 1999;
Szleifer, 1997a) that the graft density of terminally attached chains should be
such that the distance between chains is smaller than the protein. One criterion
is that D, the distance between chains, is less than the Flory radius (Leckband et
al., 1999; Jeon et al., 1991), which is dependent on monomer size. PEO is

reported to have a monomer size of 0.278 nm (Morra, 2000), while for PVP, a
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value of 0.4 nm has been estimated (Rovira-Bru, 2001, Tonelli, 1982). Because
of PEO’s smaller size, it may be expected that a higher density of polymer chains
could be achieved.

However, this contradicts data on the size of PEO and PVP in water.
Using literature data (Kurata and Tsunashima, 1999), the radius of gyration was
estimated for PEO and PVP in water at 25°C. Along with end-to-end distance,
the values are presented in Table 5.7.1. From these data, PEO is similar for a
given molecular weight, and may achieve a similar graft density of chains on a

surface than a surface with PVP chains.

Table 5.7.1: Root mean square end-to-end distance and radius of gyration of PEO
and PVP

Polymer Root mean square | Root mean square
end-to-end radius of gyration
distance (A) (A
PEO 2000 43.7 17.8
PVP 2500 42.8 17.6
PVP 10 000 88.6 36.2

The chain flexibilities of PEO and PVP are undoubtedly different since
PEO has a carbon-carbon-oxygen backbone while PVP has a carbon backbone.
PEO should be able to adopt a greater number of conformations, and more
compact ones, than PVP, either in solution or when terminally-attached to a

surface (Szleifer, 1997a). The planar pyrrolidone side group of PVP will limit the
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conformational freedom of the polymer chain (Tonelli, 1982). In fact, Tonelli
(1982) predicted only two conformational states of the hydrocarbon backbone
using the rotational isomeric state model (RIS).

Kurata and Tsunamshima have introduced theory to account for steric
hindrance. In this theory, the parameter ¢ is the ratio of the unperturbed root
mean square end-to-end distance of a polymer in a particular solvent (%) to the
root mean square end-to-end distance for the freely jointed chain (Por) with

distances corrected for the types of bonds found in the basic structure.

1/2

2 1/2 '1'2
a:[’z"j = : 2.nd (5.7.1)
reo D nl [(1+cosb,)/(1-cosb,)]

where i refers to the type of bond, n is the number of bonds, |is the bond length,
and 0 the bond angle. The parameter ¢ provides a measure of the effects of
steric hindrance and is independent of the number of repeat units (Kurata and
Tsunashima, 1999).

In water at 25°C, the steric hindrance factor for PEO is estimated as 1.57,
compared to 2.48 for PVP (Kurata and Tsunashima, 1999). This hierarchy is as
expected since PEO has no substituents on the main backbone, and rotates
more freely around the carbon-oxygen bonds. PVP, with its side chain lactam
rings, is limited by the number of conformations the molecule can adopt. Rapid
movements of the grafted polymer chains may also be important in limiting

interactions with plasma proteins that would result in adsorption (Nagaoka et al.,
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1984). The limited flexibility of PVP may hamper its ability to compress and repel
proteins.

5.7.2 Water Barrier Theory

The water barrier mechanism has been advanced more recently (Morra,
2000; Vogler, 1998) and it proposes that water bound to the grafted polymer
plays a key role in protein resistance. Under this mechanism bound water
generates repulsive hydration forces when a protein approaches the surface. The
important properties of an agent operating under this mechanism are the
structure of bound water and its interactions with the agent and the surrounding
environment (Vogler, 1998; Morra, 2000).

In the steric exclusion mechanism any involvement of water is essentially
ignored (Morra, 2000), and protein resistance is predicted to be related to chain
length, with longer chains giving surfaces of greater resistance. However, in
recent studies, self-assembled monolayers of oligoethylene glycols (Harder et al.,
1998), and plasma layers of short chain PEO species such as tetraglyme (Wu et
al., 2000; Beyer et al., 1997; Lopez et al., 1992) have been shown to have
protein resistant properties. Harder et al (1998) proposed that at high density,
short PEO chains chemisorbed on gold form a tightly bound hydration shell which
prevents protein-surface interactions. The effectiveness of these surfaces
depends on the conformation of the PEO chains. It was proposed that the helical

conformation of the oligo EO chains allows tight water binding leading to high
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protein resistance, whereas in the extended chain conformation water is bound
more weakly and does not provide an effective water barrier (Harder et al, 1998).

PVP, like PEO, is highly water-soluble and forms aggregates in solution
dependent on the structure of bound water (Sun and King, 1996; Guven and
Eltaman, 1981). Whereas PEO interacts with water through the oxygen atom,
which acts as a Lewis base, the relevant feature of PVP is the strongly
electronegative carbonyl oxygen adjacent to the nitrogen atom. When PVP is
adsorbed to polystyrene or silica surfaces in contact with aqueous fluids (Smith
et al., 1996, Robinson and Williams, 2002), the lactam group is oriented towards
the solution. The carbonyl group forms hydrogen bonds with water, while the
hydrophobic carbon backbone interacts preferentially with the surface (Smith et
al., 1996).

Figure 5.7.1 shows space filling models of PEO and PVP chains
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Figure 5.7.1: Space filling structures of: left) PEO, right) PVP; grey is carbon, black is
oxygen, white is nitrogen. Hydrogen atoms are left out. Drawn with CS Chem 3D Ultra
software (Cambridgesoft.com, Cambridge MA, USA). Increased flexibility can be seen with
the PEO molecule.

From these diagrams, it is clear that PEO is a more flexible chain than PVP and
that its oxygen atoms are more accessible to hydrogen bond with water. In PVP,
the nitrogen atoms are located close to the carbon backbone, and the oxygen
atoms point outward (Smith et al., 1996). The oxygen atoms in PVP may be
more shielded than those in PEO, and this may limit the freedom of PVP to
interact with water.

Inherent water binding capacity may contribute to protein repellency. PEO
has been shown to bind to 2 to 3 molecules of water per EO unit (Antonsen and
Hoffman, 1992). Antonsen and Hoffman (1992) postulated that at lower PEO
molecular weights, these water molecules may be more tightly bound, while at

higher molecular weights, a greater number of water molecules may be
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associated through trapping in the folded PEO coil. A study by Ping et al. (2001)
using differential scanning calorimetry and FTIR concluded that PVP may
associate with 4 molecules of water per mer. Others have suggested that the
mer of PVP may also bind 1 to 2 molecules of water (Garrett, 2000; Sun and
King, 1996; Guven and Eltaman, 1981). PVP may thus be considered to have
similar water binding properties to PEO.

Lewis acid-base interactions may contribute to the repulsive hydration
forces that cause protein resistance (Morra, 2000). The electron-donor parameter
may give some indication of the Lewis-base strength of the polymers, with high
values indicating a strong effect on water orientation and a higher repulsive force
(Morra, 2000). Morra (2000) estimated values of the electron-donor parameter
for a number of hydrophilic polymers. The values for PEO and PVP are 58.5 to
64 mJ/m? and 29.7 mJ/m? respectively (Morra, 2000), again suggesting that PEO
may be a more effective protein repellent agent.

The steric exclusion and the water barrier mechanisms bear on the
repulsive interactions between the grafted polymer chains and the protein.
Attractive interactions should also be considered, and in this regard differences
between PVP and PEO are to be expected. The attractive forces between a
protein and a material will depend to a large extent on van der Waals
interactions, and refractive index may give an indication of the relative magnitude

of these interactions. A lower refractive index may indicate weaker van der
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Waals interactions giving lower protein adsorption (Jeon et al., 1991). The
refractive indices of PEO and PVP are 1.45 and 1.53 respectively (Seferis,
1999). On this basis, attractive interactions should be of lower magnitude for
PEO than PVP.

As discussed above, the conformational freedom and water binding of
PEO are thought to be responsible for the protein resistance of surfaces modified
with this polymer. PVP also has the ability to bind water through its cyclic amide
or lactam side groups (Garrett et al, 2000), but may not have particularly high
conformational freedom. Therefore in relation to steric exclusion effects, PEO
may be superior due to its greater conformational freedom, and chain flexibility.
Conformational freedom may be important for longer chains, such as those used
in the present study, but given recent literature showing that short chain
oligomers of PEO can repel proteins, it would be interesting to see whether short
chains of PVP when attached at high graft densities would be protein repellent. If
so it might then be concluded that protein resistance depends principally on the

water binding properties of the grafted chains.
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6. Conclusions

The goals of this work were to investigate poly (N-vinyl pyrrolidone) as a
protein repellent surface modifier. The initial approach to the preparation of
poly (N-vinyl pyrrolidone)-modified surfaces was to treat polyethylene filims
directly in an N-vinyl pyrrolidone plasma generated in a microwave frequency
plasma reactor. The second approach was to graft pre-formed poly (N-vinyl
pyrrolidone) to aminated surfaces that were generated by plasma polymerization
of allyl amine on polyethylene. Polyethylene similarly grafted with PEO, a
polymer known as a protein repellent surface modifier, was also prepared for
comparison.

A number of conclusions can be drawn from this work:

e Plasma polymerization of N-vinyl pyrrolidone (VP) monomer on PE
resulted in surfaces with increased wettablility. Significant increases in
oxygen and nitrogen content were observed following the plasma
polymerization process, suggesting attachment of NVP-derived species.
The changes were more pronounced at higher temperatures (higher
vapour pressure of NVP).

e |t is likely that NVP decomposition and fragmentation contributed to the

variety of functional groups found on the plasma treated surfaces.
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The adsorption of fibrinogen on the plasma polymerized NVP surfaces
was at about 15 % greater than on the PE controls.

In the plasma polymerization of allyl amine on polyethylene, variation of
the sample position relative to the glow discharge region in the plasma
reactor had little effect on the surface chemical properties.

An increase in the plasma polymerization time of allyl amine from 10 to 30
minutes gave surfaces with increased nitrogen and decreased oxygen
content.

Plasma polymerized allyl amine surfaces were found to change over time
when stored in air by becoming more hydrophobic. XPS and water
contact angle measurements suggest that oxidation of the material may
be occurring. In the thicker layers formed at longer treatment time, contact
angle changes with time in air were less pronounced.

Exposure of the allyl amine treated surfaces to aqueous buffer resulted in
a reduction in surface nitrogen content. This reduction may be due to loss
of the plasma polymer. This effect occurred regardless of the plasma
polymerization time, and could probably be minimized by optimization of
the plasma reaction conditions.

PVP and PEO were activated for coupling to amino groups in the allyl
amine treated surfaces by reaction with both EDC/NHS and DSC. NMR

spectra of the products showed yields of about 25% for the reaction of
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PEO and PVP with EDC/NHS. Using triethyl amine as catalyst yields of
about 70% were obtained for the reaction of PEO with DSC. The yields
for reaction of PVP with DSC, with or without catalyst, were on the order of
35%.

Surfaces prepared using PEO and PVP activated by EDC/NHS were more
hydrophilic than those prepared using DSC for activation.

XPS data did not provide conclusive evidence of covalent bonding of the
polymers to the surface using either activation system. The data
suggested low coverage of the polymer chains on the polyethylene
surface.

Nonetheless significant reductions in fibrinogen adsorption were observed
on all the modified surfaces. Surfaces grafted with polymers that were
activated with EDC/NHS showed a greater reduction in fibrinogen
adsorption than surfaces grafted with DSC-activated polymers.

The PEO-modified surfaces showed somewhat greater reductions in
fibrinogen adsorption than the PVP, although the differences in adsorption

among the surfaces were not significant.
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7. Recommendations for Future Studies

Optimization of the plasma polymerization of allyl amine should be
performed with respect to minimizing changes on subsequent exposure to
aqueous media. In particular optimization of the power-to-flow rate ratio
during the plasma treatment may yield plasma polymer layers more
resistant to delamination.

Operation of the plasma reactor at lower power input should be examined
to determine if a higher amino group content and a lower generation of
oxygen-containing species are possible.

Determination (and optimization) of the free amino group content of the
allyl amine plasma treated surfaces is important and may be possible
using derivatization with fluorine-containing reagents and subsequent XPS
analysis.

Increased yields of the polymer grafting reactions may be achieved by
operating closer to the cloud point, i.e. at higher temperatures and higher
ionic strength.

Different types of PVP-grafted surfaces should be investigated. The use of
inorganic substrates such as silicon or gold may facilitate surface chemical
characterization (e.g. graft density determination) of the polymer grafted

surfaces.
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Appendix A: Estimation of the Vapour Pressure of NVP

The Clausius-Clapeyron equation can be used to estimate the vapour

pressure at another temperature. The equation is in the form:

)

o

when a vapour pressure at a particular temperature is known, this equation
simplifies to:

o e W (A2)
RT

When the enthalpy of vapourization is unknown, a plot between the vapour
pressures and the reciprocal of temperature (Table A1) determines the linear

relationship and its parameters, the slope and intercept for NVP.

Table A1 Vapour pressures and temperatures for N-vinyl pyrrolidone

|Pressure (mmHg) |Temperature (°C) [Temperature (K)  [in P 1/T (K")(x10°)
0.114 25 298.2 -2.17 3.35
11 93 366.2 2.40 2.73
400 193 466.2 5.99 2.15

Using the data, Figure A1 below determines the Clausius-Clapeyron relationship.
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Figure A1: Determination of the Clausius-Clapeyron relationship
for N-vinyl pyrrolidone

Thus the relationship for N-vinyl pyrrolidone using the above data is:
LnP =-67607.+20.6 (A3)

To determine the vapour pressure at 50°C, the temperature is substituted for T

below:

- 6760
P =g
[50+273.2K]
P =0.73mmHg

20.6

Compare this vapour pressure to one at room temperature of 25°C, this is a

factor of:

- 0.7y
0.114 mmHg/mmHg
=64
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Appendix B: Preparation of Phosphate Buffered Saline
1.32 g of disodium hydrogen phosphate, 0.345 of sodium dihydrogen
phosphate, and 8.5 g of sodium chloride were mixed with 1 L of Milli-Q water and
the pH was adjusted to 7.4.
Appendix C: Determination of Free lodide Concentration by Trichloroacetic
Acid (TCA) Precipitation of Fibrinogen

e Into 2 groups of 3 vials, place 0.9 mL of a 1% wt/v (in Milli-q water) bovine
serum albumin (BSA) and 0.1 mL from a 1 in 10 diluted radioactive
fibrinogen solution. 3 of the vials are referred to as Group A.

e To 3 of the vials (referred to as Group B), 0.5 mL of (TCA) was added.
These vials were mixed with a vortex and left to stand for 10 minutes.
After ten minutes, the vials were spun in a microcentrifuge for 1 minute.

e To a third set of vials, 0.5 mL of PBS buffer was added to each and 0.5
mL of the supernatant from the precipitated solutions (Group B) was
added. These vials are referred to as Group C

e The vials from group A and C were counted in the gamma counter for 1
minute. The free iodide content was calculated as Equation C1.

3xGroupC
% Freelodide = P mermse 1100 (C1)

GroupAaverage
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