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ABSTRACT

CHARACTERIZATION OF OSSEOINTEGRATIVE PHOSPHATIDYLSERINE

AND CHOLESTEROL ORTHOPAEDIC IMPLANT COATINGS

Total joint arthroplasties/replacements are one of the most successful surgeries available
today for improving patients’ quality of life. By 2030 in the US, demand for primary total hip
and knee arthroplasties are expected to grow by 174% and 673% respectively to a combined total
of over 4 million procedures performed annually, driven largely by an ageing population and an
increased occurrence of obesity. Current patient options for load-bearing bone integrating
implants have significant shortcomings. Nearly a third of patients require a revision surgery
before the implant is 15 years old, and those who have revision surgeries are at an increased risk
of requiring additional reoperations.

A recent implant technology that has shown to be effective at improving bone to implant
integration is the use of phosphatidylserine (DOPS) coatings. These coatings are challenging to
analyze and measure due to their highly dynamic, soft, rough, thick, and optically diffractive
properties. Previous work had difficulty investigating pertinent parameters for these coating’s
development due in large part to a lack of available analytical techniques and a dearth of
understanding of the micro- and nano-structural configuration of the coatings.

This work addresses the lack of techniques available for use with DOPS coatings through
the development of original methods of measurement, including the use of scanning white light
interferometry and nanoindentation. These techniques were then applied for the characterization

of DOPS coatings and the study of effects from several factors: 1. the influence of adding



calcium and cholesterol to the coatings, 2. the effect of composition and roughness on aqueous
contact angles, and 3. the impact of ageing and storage environment on the coatings.

This project lays a foundation for the continued development and improvement of DOPS
coatings, which have the promise of significantly improving current patient options for bone
integrating implants. Using these newly developed and highly repeatable quantitative analysis
methods, this study sheds light on the microstructural configuration of the DOPS coatings and
elucidates previously unexplained phenomena of the coatings. Cholesterol was found to
supersaturate in the coatings at high concentration and phase separate into an anhydrous
crystalline form, while lower concentrations were found to significantly harden the coatings.
Morphological and microstructural changes were detected in the coatings over the course of as
little as two weeks that were dependent on the storage environment. The results and
understanding gained pave the path for focused future research effort. Additionally, the methods
and techniques developed for the analysis of DOPS coatings have a broader application for the

measurement and analysis of other problematic biological materials and surfaces.
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Chapter 1: Motivation for Research

1.1 Motivation

Total joint replacements are one of the most successful surgeries available today for
improving patients’ quality of life [1]. With an estimated 1.5 million total joint replacements
performed annually worldwide [2], orthopaedics is quickly becoming one of the largest medical
industries in the United States. By 2030 in the US, demand for primary total hip and knee
arthroplasties are expected to grow by 174% and 673% respectively to a combined total of over 4
million procedures performed annually [3], driven largely by an ageing population and increased
occurrence of obesity. By 2030, revision surgeries for total hip and total knee replacements are
projected to grow by 137% and 601% respectively [3].

In order to improve implant integration with the surrounding bone and the ultimate
success of the procedures, several advances in the field of implants that interface with bone have
been explored and developed. Among these are improvements in surgical techniques, advances
in implant materials, the incorporation of porosity to the implant surface, and the addition of
bioactive surface coatings to further promote osseointegration [4]. The exploration of bioactive
coatings is of particular interest. While many different bioactive coatings have been used with
varying levels of effectiveness, a prominent new category of coating materials is phospholipids.
Previous studies have demonstrated an increased osseointegrative response to titanium (Ti)
surfaces coated with phospholipids [5]-[7]. In particular, phosphatidylserine (PS) was found to
be effective at increasing the rate of bone formation and ingrowth [5], [6].

An additional benefit of using phospholipids as a bioactive implant coating material is

that they can also be used as a drug delivery medium. Using lipids as a drug carrier is a well-



researched and documented field [8]-[12]. Phospholipids have been used as a carrier for the
systemic delivery of specific drugs such as platinum based chemotherapeutics [8]-[10], as well
as for more general drugs such as antibiotics [13]. While the percentage of infections in total
joint arthroplasties is relatively small, the sheer number of these operations performed annually
leads to many complications due to infection [14]-[16]. Drugs can easily be incorporated into
phospholipid implant coatings, and their incorporation would prove useful for the treatment of
osteosarcomas (bone cancer), and for decreasing the rate of post-operative infections.

The previously mentioned studies [5]—[7] that have explored the use of phospholipids as
an osseointegrative implant coating have been limited to the use of drip and dip coating
methodologies [5], [6], leaving room for improved application methods that aid control and
scalability. Implants with complex or custom geometries may prove difficult to coat evenly using
a drip or dip process. Recently developed atomizing nozzle spray and electrospray deposition
methods (Appendix B and [17]) allow efficient application and customizable properties of
surface coatings. Very little characterization has been performed on the coatings produced by
these newly developed spray deposition methods. This project will help researchers improve
current patient options for implants through the further development and characterization of

spray deposited phosphatidylserine coatings on titanium implants.

1.2 Long Term Goal

The long term goal of this work is to aid the development and implementation of
phospholipid implant coatings for improved osseointegration. The bioactive and osseointegrative
nature of the phospholipid coating addresses the issue of incomplete integration of the bone to

the implant surface, by helping to prevent fibrous encapsulation of the implant (and subsequent



implant loosening). The use of these phospholipid coatings will also promote better patient
outcomes by enabling local, targeted drug delivery from the implant surface. The benefit this
work provides is improved techniques for the study, characterization and optimization of
phospholipid coatings, increased knowledge of the coatings” morphology, mechanical properties
and microstructure, and knowledge of the effects of storage environment and ageing on the

coatings.



Chapter 2: Background and Literature Review

2.1 Bone Integrating Implants

Osseointegrating implants have a significant impact in the lives of millions of Americans.
Common examples include dental applications [18], reconstructive surgeries [19] and total joint
arthroplasties [20]. Of these, total joint arthroplasties are one of the most challenging
applications due to the high mechanical requirements, difficulty of the procedure and recovery,
high level of consequence in the case of failure and limited options for reparation. However, total
joint arthroplasties are also one of the most successful surgeries available today for improving
patients’ quality of life [1]. By the year 2030 in the US, demand for primary total hip and knee
arthroplasties alone is expected to grow by 174% and 673% respectively, to a combined total of
over 4 million procedures performed annually [3]. This increase is driven largely by an ageing
population and an increased occurrence of obesity [21], [22].

Current patient options for load-bearing bone integrating implants have significant
shortcomings. Despite the fact that current clinical options are largely successful in the short
term, the long term results remain largely inadequate. Total joint replacements have a limited
life, with nearly a third of patients requiring a costly and painful revision surgery before the
implant is 15 years old [23] in order to maintain the limb. Patients who require revision surgeries
are at a considerable risk of encountering subsequent problems that result in additional
reoperations [23]. A revision surgery necessitates the removal of more native tissue, limiting the
number of revisions that can take place. With longer life expectancies and younger patients
needing joint repair, the need for better technologies is clear. The primary weakness of current

metallic implants lies in their inability to maintain a long term intimate bone-implant interface,



with more than 50% of the failures occurring due to loosening of the implant [23]. While
structurally stable, metallic implants create stress shielding in bone due to their higher modulus
(where bone resorbs due to decreases in perceived normal stress) [24]-[26], they can also release
toxic ions locally and systemically [27]-[29], and they fail to integrate chemically at the atomic

level with native tissue [30].

2.1.1 Materials Used for Bone Interfacing Implants

Numerous materials have been used for bone interfacing implants over the years, with
varying success. The structural materials that commonly contact bone can be categorized into
three main groups; metals, polymers and ceramics. For metals, the most frequently used
currently are titanium and cobalt-chrome-molybdenum alloys. [31], [32] Among the polymers,
polytetrafluoroethylene (PTFE) and polymethylmethacrylate (PMMA) are common, [33], [34]
and among ceramics, alumina and zirconia are a couple of common examples.

Metals utilized as implant materials historically include FE, Cr, Co, Ni, Ti, Ta, Mo and
W. Most of these metals can be tolerated (and some can even be beneficial) when dissolved in
very small amounts in the body. However, they are harmful or toxic in large quantities [4]. This
is of particular concern due to the fact that the caustic in vivo environment corrodes many metals.
Titanium and cobalt-chrome-molybdenum alloys are two that have performed particularly well
in vivo and are widely used today. The Ti can be used in its pure form or as an alloy (alloying
elements are usually Al and V) [4]. Ti alloys are particularly attractive due to their high strength
to density ratio. In vivo, a thin, stable Ti oxide layer forms at the surface of the metal and quickly

passivates the implant from further corrosion [4].



2.1.2 Implant Surface Strategies Used to Promote Osseointegration

Obtaining an excellent bone to implant interface is critical for long term implant survival
[35], but current options are limited. At this time there are two predominately used options for
bone integrating implants; a titanium implant with a porous surface [36], [37], or a titanium
implant with a smooth surface that is coated in a layer of hydroxyapatite [38]-[42]. The porous
titanium implants usually employ a sintered micron-scale ball surface [36]. While structurally
stable, these metallic implants create stress shielding at the bone interface due to their high
modulus, release toxic ions locally and systemically, and have very little ability to bond at the
atomic level directly to bone tissue [30].

Hydroxyapatite (HA) is a ceramic similar to that found naturally in bone and is used as an
implant coating because of its ability to help bone mineralize and chemically attach directly to
the implant surface shortly after implantation [38]-[41]. While HA coated implants are better
able to bond with bone [43], the HA coating’s ability to adhere (and not delaminate) from the
implant surface is problematic due to limitations of coating deposition technologies, the different
properties of the materials being bonded together (a metal vs. a ceramic), and the high modulus
mismatch that exists between the metallic titanium substrate and the ceramic hydroxyapatite
[44].

Though metal is used as a direct interface for bone apposition, different materials may be
coated on the implant to improve osseointegration. Nonetheless, a metal component remains
standard for structural support in the implant. Using coatings on the metal substrates to improve
integration can introduce problems due to different material properties. A common example of a
bone-implant interposing material is PMMA bone cement, which is used in about 60% of total

joint replacements [45]. Traditionally, PMMA bone cements have been the ‘gold standard’ for



implants, with survival rates in excess of ten years [45]. 30% of the long term failures in PMMA
bone cement can be attributed to osteolysis at the interface of the bone and implant [46].

An ideal implant coating would have both the mechanical advantage of a porous metallic
implant surface (for bone ingrowth), along with the ability for bone to bind to, and integrate
directly with, the implant surface through the use of a bioactive coating on the implant surface.
Some examples of other bioactive coatings which are currently being developed to induce bone
formation include bioglasses and synthetic calcium phosphates [47], however, these technologies
have not been widely applied or approved by regulatory agencies at this time. Also, another class

of bioactive coating materials that have been explored recently is phospholipids.

2.2 Phospholipids

2.2.1 Background and Biological Function

Phospholipids are a specific type of lipid. Lipids in general are an expansive category of
molecules that include many naturally occurring substances such as fatty acids, sterols, waxes,
fats, fat soluble vitamins, monoglycerides, diglycerides, and triglycerides, among other examples
[48]. Broadly, the term lipid usually refers to small amphiphilic molecules, i.e., molecules that
have both hydrophobic and hydrophilic properties.

Phospholipids are lipids that typically contain a diglyceride, a phosphate group, and an
organic molecule (e.g., choline) [49]. Phospholipids have two primary parts, a hydrophilic
(polar) phosphate ‘head’ and a hydrophobic (non-polar) acyl chain ‘tail’ [50]. A diagram of the

basic structure of a phospholipid can be seen in Figure 2-1.
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Figure 2-1 Top: General structure of a phospholipid (tan: two apolar fatty acid chains represented
by repeating hydrogen and carbon ‘R’ group, and green: the polar headgroup). Bottom: cartoon
representation of the entire phospholipid molecule, with two acyl chains (blue lines) and the phosphate
headgroup (red circle) [51], [52].

Phospholipids are ubiquitous and have been extensively studied. In a given cell type,
there may be more than a thousand molecular varieties of phospholipids [53]. To date, more
than 600,000 scientific articles reference phospholipids. In addition to being a critical component
of all eukaryotic biological membranes, it is well acknowledged that phospholipids play a critical
role in a vast variety of biological processes [54]. Phospholipids have direct interactions with
proteins (e.g., in blood coagulation [55]), and are active participants in membrane mediated
events [56]. In an active role, phospholipids can exhibit a phosphoinositide effect, where the
lipid becomes a substrate during membrane signaling [57]. A second active role is demonstrated
in the phosphoinositide effect, where the phospholipid is involved as a direct chemical mediator
in cell membrane signaling events [58]. In addition to being key structural molecules,

phospholipids are important constituents for cell function [56].



Phosphatidylserine

A specific biological phospholipid is 1,2-dioleoyl-sn-glycero-3-phospho-L-serine, also
referred to as DOPS. It has a chemical formula of C4,H77NO;0PNa and a molecular weight of
810.025 [grams/mole] [59]. Phosphatidylserine (DOPS) has two unsaturated acyl chains, with
each acyl tail containing one mid-chain double bond. Each acyl chain has 18 carbons [59]. The
structure of phosphatidylserine can be seen in Figure 2-2. While the term phosphatidylserine
refers to phospholipids that contain the head group configuration seen in the top of Figure 2-2,
phosphatidylserines with the 18 carbon acyl chains seen in the middle and lower parts of Figure

2-2 indicate the specific variety of phosphatidylserine named DOPS.
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Figure 2-2 Top: structural formula of Phosphatidylserine (blue/green: fatty acid tails, black:
glycerol backbone, red: phosphate, purple: serine) [60]. Middle: chemical structure of the entire
Phosphatidylserine molecule [59]. Bottom: Space filling model of a phosphatidylcholine molecule.

Phosphatidylserines constitute between 4-14% of the membrane lipid content in a
mammalian cell [61]. Phosphatidylserine has been found to improve cognitive functions in
humans and other animals when taken as a oral supplement [62]. Phosphatidylserine plays an
important role in the membranes of neurons, it is involved in intracellular maintenance, signal
transduction, secretory vesicle release, cell growth regulation and cell to cell communication
[63]-[67]. Phosphatidylserine is a unique phospholipid in that it is the only lipid in the

phosphoglyceride family that contains an amino acid (serine) [61].
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A biological characteristic of phosphatidylserine is that it normally resides on the
cytosolic side of a cell membrane due to the flippase enzyme. When a cell undergoes apoptosis,
this characteristic is lost and the phosphatidylserine is expressed on both sides of the membrane

[60]. This attribute allows for the early detection of cell death [68].

2.2.2 Organizational Structure

Phospholipids are dynamic molecules; they self-assemble and reassemble to form a
variety of nano- and micro-structures. The structures formed by phospholipids are dependent on
their environment. Variables that influence their structure include a sensitivity to the type of fluid
(air or liquid, polar or non-polar) they reside in, amount of any nearby water, ionic strength of
the media, availability of crosslinking molecules (such as divalent cations), proteins, other
varieties of lipids present, and the proximity of other biomolecules [69].

The amphiphilic nature of phospholipids is the foundation for their ability to
spontaneously assemble. These assemblies can be bilayer in nature, as found in a cell’s
cytoplasmic membrane. A typical cytoplasmic membrane (which is made primarily of
phospholipids) is on the order of 7-10 nm in thickness [50]. A diagram showing some common

structures of phospholipids in an aqueous solution is shown in Figure 2-3.
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Figure 2-3 Cross-sections of common phospholipid structures in an aqueous solution. Spheres
represent hydrophilic head groups and wavy lines represent the apolar acyl tails [70].

These self-assembling phospholipids will align their hydrophilic heads to the outside,
aqueous environment, while grouping their hydrophobic fatty acid tails together. This allows for
the formation of liposomes, micelles and bilayers, and multilamellar structures [69].

Additional phospholipid structures are possible with the modification of their molecular
environment. Examples include changing the fluid (to apolar or gaseous mediums), or adding
other molecules (such as calcium or cholesterol). These changes can result in the phospholipids
assuming the form of long tubes, hexagonal packing, reverse micelles, monolayered and
multilayered structures [71], [72]. These supramolecular structures can be polymer-like, with 3

dimensional networks of cylindrical micelles that overlap, entangle and interpenetrate [73].
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Liquid Crystals

A liquid crystal is a material structural state that has properties similar to both a liquid
and a crystalline solid. The general hallmark of a liquid crystal is a regular, repeating order
within the material, along with the ability for flow and movement within the material. Liquid
crystal states can take place in a variety of materials, and have a variety of specific phase types,
including the nematic, smectic, chiral, blue, and discotic phases [74]. Just because a material
may be able to take on a liquid crystal structure, does not mean that it will always be in that
phase.

An important property of many liquid crystals is birefringence, where the materials
optical properties are dependent on the incidence light’s direction and polarization states.
Birefringence is the fundamental functional property that makes liquid crystal display (LCD)
panels work. Incoming lights of a particular polarization state will see a different refractive index
in the material than concomitant light at a different polarization state, resulting in a phase lag in
the transmitted light between the two polarization states. This can results in a split image when
observing an object through a mostly transparent birefringence material.

When in a lamellar configuration, phospholipids can be in a solid (gel) state, or in a liquid
(crystal) state. The ease in which they make the transition from a gel to liquid state depends on
the following: the type of polar head group in the lipid, the ionic strength of their surrounding
medium, the length of the lipid’s acyl chain, and the degree of saturation of the acyl chain [69].
In a given phase, the structure of the lipid bilayers is primarily driven by Van der Waals
interactions between the molecules [75]. The gel to liquid transition temperature is decreased
with increased saturation of the acyl chains, due to the kinks in the chains allowing greater

mobility between the lipid tails. Fully saturated acyl chains are able to pack closer and tighter
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together, allowing for much higher transition temperatures. DOPS (which has one unsaturated
bond in each acyl chain) has a gel to liquid phase transition temperature of -7° C (in 0.15 M
NaCl; buffer, pH 9.5; EDTA) [76], while DPPS (which is fully saturated) has a transition

temperature of 53° C (in 0.1 M NaC1 buffer, pH 7.0, EDTA) [77].

2.2.3 Applications of Phospholipids

Given their unique properties and diverse roles, phospholipids have been widely studied
in application. Medically, this has ranged the gamut from injecting phosphatidylcholine
subcutaneously to dissolve fat [78], [79], taking phosphatidylserine as an oral dietary supplement
for cognitive enhancement [80], use in both topical [71], [81] and intravenous drug delivery [82],

and as a cell culture scaffold [83], [84].

Phospholipids as a Carrier for Drug Delivery

Lipids have been extensively studied for use as a drug carrier. They are ideal candidates
for transporting both polar and non-polar molecules in vivo, as well as increasing circulation
times and effectiveness for many drugs [8]—-[12]. The typical configuration for the lipids is to
take on a micellar form for apolar drugs and liposomal forms for water soluble drugs, so as to

orient their polar and non-polar regions appropriately [85].

2.2.4 Phospholipids for use as an Osseointegrative Implant Coating

Phosphatidylserine is used by osteoblasts to form bone, and has recently been shown to
increase osseointegrative response when used as an implant surface coating [5]-[7]. Of the
phospholipids, the DOPS variety of phosphatidylserine was found to be the most effective at

increasing osteoblast’s response. It was found that DOPS increased mineralization in vitro [5],
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and improved osseointegration in vivo [6]. These results are largely due to the net negative
charge of the phosphate headgroup on the DOPS molecule. The charged headgroup of
phosphatidylserine allows it to bind strongly to divalent cations, especially Ca?*. This property is
used by osteoblasts during the manufacture of bone. Osteoblasts release matrix vesicles rich in
phosphatidylserine [86], [87] and calcium channels (Annexin V), through which the influx of
calcium ions eventually reaches saturated levels and forms an amorphous mineral phase. The
cacium then acumulates and ruptures the vesicle to form the nucleation sites for the mineral
phase of bone [88]. When used as an implant coating in vivo in a rabbit model,
phosphatidylserine provided significantly higher apposition values in the short term when
compared to plain Ti or hydroxyapatite coated implants [6].

In the work by Merolli et al [5], [6], [89]-[91] that demonstrated increased mineralization
and osteoblast activity on phospholipid coated surfaces, various combinations of
phosphatidylcholine, phosphatidylinositol, phosphatidylserine and cholesterol were used to coat
Ti in the studies. These studies consistently concluded that coatings of phosphatidylserine alone
were the best at increasing osteoblast response, mineralization and in vivo osseointegration in a
canine model [5], [89]. A challenge associated with these previous studies included excessively
thick coatings, likely due in part to the coatings being applied via a drip or dip coating
methodology. As reported by the authors, the coatings were ‘relatively thick’, leading to a lack of
intimate conformational contact with the newly formed bone during the course of the in vivo
study. This was attributed to the in vivo environment not being able to resorb the coatings
quickly enough [6].

Another characteristic of phosphatidylserine, is its role in reducing innate inflammatory

responses [92]. As macrophages ingest apoptotic cells expressing phosphatidylserine on their
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surface, the macrophages secrete TGF-B1, resulting in an anti-inflammatory effect [92]. The anti-
inflammatory nature of PS has been confirmed in vitro when used as a surface coating on Ti

[89]. This fact points to the additional benefit of using phosphatidylserine as an osseointegrative
coating, since a protracted inflammatory response to an implant leads to the formation of a
fibrotic capsule surrounding the implant [93]. This fibrotic capsule interposes between the bone

and implant, negating the ability for osseointegration.

2.3 Molecules that Bind with Phosphatidylserine

There are many molecules that phosphatidylserine interacts with; among them are
cholesterol and calcium. These two are of particular interest in the presented work and will be
discussed further. Charged phospholipids have the ability to bind to ions. DOPS has two negative
charges and one positive, resulting in a net negative charge. The positive charge is located at the
amine, while the negative charges are located at the phosphate head group and at the carboxylic

acid (see Figure 2-2) [59].

2.3.1 Calcium

Calcium is a key ion in biology. It is used throughout the body in a variety of
physiological processes and is of particular relevance in bone biology. Phosphatidylserine is
known specifically as a calcium binding phospholipid. Calcium is well characterized in its ability
to crosslink DOPS molecules together. In its as-received form, DOPS is shipped with a Na* salt
[59]. Phosphatidylserine’s negative charge at the phosphate group binds readily to divalent
cations such as Li?* and Ca®* [5], [91], [94]. The bonding between DOPS and Ca?* is fairly

insensitive to the degree of saturation in the acyl chains, and causes a significant change in
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conformation of the phosphodiester group. Specifically, the P-O group changes into an
antiplanar-antiplanar conformation after binding to Ca®* [94]. These changes can be detected
through the use of vibrational spectroscopy techniques (e.g., fourier transform infrared
spectroscopy) [95], [96].

The binding of Ca** with DOPS has the effect of dehydrating lipid systems, and is critical
to the membrane fusion processes [97]. The phosphate group on DOPS has a higher affinity for

Ca®" than water. Due to Ca***

s double positive charge, it acts to draw together and bridge two
DOPS molecules (each of which have a single negative charge), resulting in decreased inter-
membrane distances and the expulsion of any interstitial water molecules [97]. In the absence of

Ca®" and in the presence of water, DOPS readily hydrates [94].

2.3.2 Cholesterol

Fiaure 2-4 Chemical formula of cholesterol (left). and space fillina model of
Cholesterol is an important biomolecule and has a variety of roles in the body. Systemically,

cholesterol serves a role as a precursor in the synthesis of hormones [98], and is carried through
the blood stream as a part of lipoprotein complexes [99]. Cholesterol plays both a structural and
regulatory role within biomembranes [100]. It preferentially resides within cell membranes and
plays a crucial role in the regulation of membrane rigidity [101], [102]. Lipid membranes are

highly sensitive to both the amount of, and the configuration of, different sterols [101]. Changes
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in membrane stiffness can have a profound impact on cellular function and the regulation of
cholesterol is a tightly controlled biological process [103]. Please see Figure 2-4 for the chemical

formula of cholesterol.

Cholesterol-Phospholipid Interactions

Conformationally, cholesterol preferentially resides within lipid bilayers and associates
with the apolar acyl chains of the phospholipids [104], [105]. Cholesterol prefers fully saturated
acyl chains (as found in phosphatidylcholine), due to cholesterols ability to more fully interact
with the less kinked acyl chains [53], and often congregates within lipid rafts (glycolipoprotein
microdomains within cell plasma membranes) [106], [107]. Dependent on the local
microenvironment, cholesterol can either increase or decrease the mobility of phospholipid
systems. In the presence of cholesterol, fluid phospholipid monolayers condense. Cholesterol can

also act to liquefy solid phospholipid systems [108].

Cholesterol Crystallites

Pure cholesterol is able to assemble into three-dimensional crystals that can further
undergo crystalline polymorphic phase changes [109]. Cholesterol crystals can also phase change
from an anhydrous to a monohydrate form when in the presence of water [109]. In addition to
cholesterol’s ability to diffuse into membranes, it can crystalize when it surpasses saturated
levels [100]. These cholesterol crystals are tertiary in nature [53]. Cholesterol can phase separate
within the membrane [110], as well as bridge across membranes in multi-lamellar vesicles [100].
The primary factors that affect cholesterol crystallization in biological membranes is the
concentration of cholesterol in the system, the degree of acyl chain saturation in the lipid, the

presence of charges on the phospholipid head groups, and any inter-headgroup bonds [100].
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Several polymorphic phase transitions for cholesterol take place. The monohydrate
crystalline form of cholesterol has a triclinic structure. A shift in this triclinic crystal form takes
place during heating at about 37° C. This polymorphic phase shift doubles the unit cell of the
cholesterol crystal from one of 8 molecules to one of 16. This transition also doubles the length
of the a-axis of the unit cell [100]. and has an associated enthalpy of transition of 0.81 £0.21
kcal/mol (or 3.39 +0.88 kJ/mol) [76]. Upon cooling, a large hysteresis takes place in this
transition, with the transformation back to the 8 unit cell happening at around 20-25° C [100].
Cholesterol crystals dehydrate from the monohydrate form into an anhydrous form at around 86°
C [100]. There is also a second, less studied transition at 95° C that is also associated with a
monohydrate dehydration [109]. Complete melting of the cholesterol crystal occurs between
150-157° C [100].

It should be noted that cholesterol usually has a higher solubility in fully saturated
phospholipids versus unsaturated phospholipids before it phase separates into a crystalline form.
In DOPS, which has two unsaturated bonds in its acyl chains, cholesterol crystallites are formed
at relatively low molar ratios [109]. Cholesterol is able to form crystals that are intimately
associated with their lipid microenvironment, and certain types of phospholipids are able to push

the cholesterol crystals into phases that are not otherwise independently stable [111].

2.4 Coating Deposition Methods

There are a variety of methods for coating lipids onto substrates. The majority of these
methods are borrowed from the paint industry. Examples include aerosol spray deposition (e.qg.,

spray painting) and electroplating/spraying (e.g., as used in automotive manufacturing). In the
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medical field, little has been done to transfer these industrial coating methodologies for the

purpose of coating implants with phospholipids.

2.4.1 Techniques Used Previously to Coat Implants with Phospholipids

Previous works that looked at the in vitro and in vivo effects of phospholipid coatings on
Ti used dip or drip coating methodologies [5], [6], [89]. In both the dip and drip coating cases,
the phospholipids were first dissolved in chloroform. In the drip coating method, the
phospholipid solution was pipetted in a known amount onto the titanium samples surface [5],
[89]. For the dip coating method, the metallic implant was partially submerged and rotated in a
bath of the phospholipid solution [6]. The surfaces were then allowed to air dry. The
phospholipid(s):chloroform concentration used for dip coating was 222 mM [5], [89], while the
concentration for drip coating was 62.5 mM [6]. While effective, the dip and drip coating
methods are not readily scalable for commercial application and tend to produce excessively

thick coatings.

2.4.2 Atomizing Nozzle Spray Deposition

Atomizing spray deposition utilizes the venturi effect to produce a fine spray from a
liquid. This process works by using an air source that flows over a nozzle that feeds from the
liquid medium being sprayed. The low pressure created at the nozzle tip by the high velocity
airflow draws the fluid into the air flow where it subsequently boils/evaporates in the low
pressure. This process forms thousands of atomized droplets which are propelled forward in the
airstream. Common applications of this technology include painting and carburetors. The author
has developed the atomizing spray method for the novel use of depositing phospholipid coatings

onto titanium substrates. Further details of how the atomizing spray method was developed and
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characterized can be found in Appendix B: Atomizing Nozzle Spray Deposition Methodology
Development. Briefly, a small air compressor was employed in conjunction with a modified
artist’s airbrush to spray a phospholipid in chloroform solution onto metallic substrates. The air
compressor was used for the high pressure air source and a digital airflow regulator was used to
finely control the air flow to an airbrush. The airbrush was then used to spray the phospholipid
solutions onto titanium sheet metal squares. The benefit of the aerosol coating method is that it
can be easily used for further commercial development of the coatings, and can deposit coatings

of any desired thickness.

2.4.3 Electrospray Deposition Method

Electrohydrodynamic atomization (also referred to as electrospray or e-spray) is a
commonly employed method that utilizes a voltage differential to atomize materials carried in a
liquid solvent. An e-spray setup includes a syringe pump filled with the medium to be sprayed,
connected to a needle which is kept at high voltage during the spray process. The conductive
substrate to be coated is then placed a fixed distance from the needle and kept at electrical

ground potential. A basic diagram of an e-spray setup can be found in Figure 2-5.

Pump

Conductive
Needle Material

Syringe

Voltage
Source

Figure 2-5 Diagram of E-spray equipment layout [17].
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While simple in concept, the e-spray process is fundamentally sensitive to an array of
parameters. There are at least 13 of these parameters that are recognized [112], includeing the
voltage differential used, the spray distance, pump rate, solvent properties, and concentration of
the medium, among others. Figure 2-6 shows the variables involved in one of these parameters,

the electrical potential path.
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Figure 2-6 Diagram of the E-spray modes in electrical potential space [113].

The electrical path in the e-spray process is sensitive to several spray modes that go

through distinct changes at different spray parrameters. Each spray condition is referred to as a
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spray mode, though transitions between modes are often ill-defined. Two primary categories for
spray modes include a continuous flow from the meniscus (simple-jet, cone-jet, and ramified-
jet), and non-continuous flow (dripping, micro-dripping, spindle, and intermittent cone-jet
modes) [113]. Each of these modes have distinct properties that include variations in droplet size,
homogeneity, and Taylor cone properties [113].

Previous work [17] was done to develop a parameter set for utilizing the e-spray method
to coat DOPS onto Ti substrates. This method utilized a 1.3% (vol%) DOPS (in chloroform)
solution that was deposited onto cleaned and passivated samples cut from commercially pure Ti
sheets. A 12 kV voltage differential was used with a pump rate of 14 mL/min with an 8 cm

working distance between the needle and the samples [17].

2.5 Differential Scanning Calorimetry

2.5.1 Development and Theory

In basic terms, simple calorimetry is the measurement of heat, and in particular, the
exchange of heat [114]. Ice calorimeters have been used since the 1780’s [115]. Newer
instruments (e.g., a differential scanning calorimeter, or DSC) have added the ability to precisely
measure heat flow rates as a function of temperature and heating/cooling rates in order to
measure enthalpy changes in a specimen [114]. This allows for the accurate determination of the
characteristic temperature of material transitions and reactions. In addition to assessing the total
heat of a reaction, a DSC is able to measure the “partial heats” within a given temperature
interval, which in turn allows for the analysis of crystallinity, purity and kinetic studies of

materials [114].
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2.5.2 Applications

DSC has been used in many fields, including polymer research [116], [117], the food
industry [118]-[120], and for the study of biological membranes [121]-[123]. Within the lipid
research realm, it is useful for studying the thermotropic phase behavior of lipids, without the
need for probe molecules [121]. While this is useful for the study of crystalline and phase
transitions in lipid systems, it should be noted that the enthalpy changes associated with these
transitions are non-specific, and adjunct methods may be required in order to fully elucidate the

physical phenomena being perceived [120].

2.6 Scanning White Light Interferometry

Scanning white light interferometry (SWLI) is a type of interferometer that uses vertical
scanning to map 3 dimensional surfaces. SWLI offers high lateral density, and extremely high
vertical precision (less than 1 angstrom in the Z direction). A diagram of a typical configuration

for SWLI can be found in Figure 2-7.
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Figure 2-7 Schematic diagram of vertical scanning interferometer (as used in SWLI) [124].

The primary method of action in a vertical scanning interferometer is the utilization of
wave interferences developed from a reference mirror located within the microscope objective.
As seen in Figure 2-7, the white light source is directed through the microscope objective where
it is partially reflected by a beamsplitter to a calibrated reference mirror. This reference light is
then reflected back to the CCD sensor along with the reflected light from the sample surface. At
the distance where the surface is the same path length as the light from the reference mirror,
interference patterns form due to the light actively interfering with itself. Through the use of a

high resolution vertical piezoelectric (PZT) actuator, the CCD then capture a series of vertical
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images of the surface and uses the resulting interference patterns to locate the height of the
sample’s surface at each pixel.

SWLI’s primary advantages lie in its ability to quickly, non-destructively analyze
surfaces without contacting them. Unlike time consuming atomic force microscopy (AFM),
SWLI takes a full surface measurement in seconds or less. Surfaces do not need to be coated or
prepped prior to measurement with SWLI, and can be analyzed in atmospheric conditions. Being
a non-contact technique, SWLI is ideal for use with samples that could be easily damaged from
other techniques (e.g., contact profilometers), or when the surface may significantly
interact/interfere with the measurement device (as with tip induced imaging artifacts from AFM
on soft materials [125]).

SWLI has primarily been applied as a metrology instrument with application to relatively
hard surfaces. SWLI has been applied to a variety of industrial applications, but the technique
has not been generally applied to the study of biological materials and systems. Optical
coherence tomography (OCT), a technique similar to SWLI [126], has been used to image
unstained epithelial cells [127], as well as a beating Xenopus laevis (African frog) heart. While
OCT is valuable for 3d permeative measurements (similar to an ultrasound), it has a lower

resolution than SWLI (on the order of several microns) [128].

2.7 X-ray Diffraction

X-ray diffraction (XRD) techniques utilize the principle of Bragg’s law to explore the
crystalline structure of solid materials [129]. Diffraction patterns can form when incident X-rays
satisfy Bragg’s law. This takes place when an X-ray passes through a material that has a regular,

repeating structure on the same order of length scale to that of the traversing wave.
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2.7.1 Development and Theory

The general concept of diffraction has been used for over 200 hundred years, and for the
last 100 years, it has been used to explore the crystal structures of materials. Diffraction was first
used with light in the early 1800s by Thomas Young in the double slit experiment, where he
showed that light constructively and destructively interferes with itself when shone through two
adjacent slits [130]. Young died in 1829 and was likely unaware of the later application of his
technique in the yet-to-be-discovered X-ray region of the electromagnetic spectrum.

In 1912, Max von Laue grasped the concept that X-rays had a similar wavelength to the
spacing of atomic planes in crystalline materials. Max von Laue went on to use this property to
perform the first X-ray diffraction experiments, confirming his suspicion that X-rays had similar
wave properties to that of light [131]. Von Laue’s findings came to be the foundation of modern

X-ray spectroscopy. Since then, X-ray spectroscopy has developed into a variety of techniques.

2.7.2 Experimental Configurations

There is a large subset of applications of X-ray diffraction for the analysis of specific
material properties. Among these are techniques for solids, powders, and films [132].
Experimental setups include the traditional XRD (also referred to as the 6-26 or Bragg-Brentano)
technique, parallel beam geometries, crystal monochromators, double and triple axis
diffractometers, and point source geometries [133]. A few X-ray setups of interest can be found

in Figure 2-8.
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Figure 2-8 Diagrams of different X-ray diffraction techniques. Standard XRD goemetry (a),
Glancing Angle geometry (GAXRD) (b), and Grazin Incidence X-ray Scattering (GIXS) geometry (C) [129].

Figure 2-8 shows schematic setups for the traditional XRD setup (a), as well as two
common glancing angle configurations (b and c¢). As diagrammed in Figure 2-8 part (a), a
traditional XRD (0-260) experiment maintains a consistent incident and detector angle, that is, the
detector changes angle to the same degree as the incoming X-rays such that any detected crystals
in the sample will be parallel to the surface of the sample. Of the two common glancing angle
configurations diagrammed in Figure 2-8, the first (b) is for detecting diffraction in plane to the
incident glancing X-ray beam, the second (c) is for detecting diffracted X-rays out of plane of the
incident X-ray beam. The second, asymmetric glancing angle configuration is widely employed

and is more suited for polycrystalline surfaces than it is for single crystal surfaces [129].
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2.8 Nano Indentation

Nanoindentation (NI), also known as instrumented or depth-sensing indentation, is a
mechanical testing method that probes the micro- and nano-scale mechanical properties of
materials. The NI technique is able to bridge the gap between molecular level properties (e.g.
those measured using AFM) and results from macroscale mechanical testing. Using known
material property models and contact mechanics, uniaxial material properties can often be
extracted from the load-displacement results of a nanoindentation test. While this process works
especially well for hard, linear-elastic materials, it can become considerably more difficult with
soft, viscous materials due to the inability to directly measure the contact area between the NI
probe tip and the material’s surface.

In the case of hard, linear-elastic materials, stiffness and reduced modulus are calculated

from the unloading curve using the following equations.

Equation 2-1
2VA
S=——E,
e
In Equation 2-1; S is the stiffness and A is the area of contact between the tip and the
surface.
Equation 2-2

In Equation 2-2; E, is the reduced modulus, v is the Poissons ratio, and the subscripts i

and s refer to the indenter and sample material respectively.
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Doerner and Nix first assumed a linear relation between loading and displacement [134],
however, later developments by Oliver and Pharr improved on this by using a tip shape function
from a separate calibration to determine the contact area [135]. This addition by Oliver and Pharr

made it possible to account for the non-linearity in the unloading section.

Universal Hardness

The universal hardness (or Martens Hardness HM) can be calculated when using sharp
indenter tips and incorporates the elastic properties of the tested surface, including soft polymers
(though it does not differentiate plastic effects). This methods advantage is that it does not rely
on imaging techniques to determine the contact area under the indenter tip (with associated
uncertainties) [136]. It is computed using the maximum peak load and the nominal displacement

from the load displacement curve to evaluate the hardness as seen in Equation 6-1.

Equation 2-3 Universal Hardness for Nanoindentation [137]

P
Hy = Ap(he)

In Equation 6-1, Hy, is the universal hardness (Pa), P is the maximum indentation load
applied to the sample (mm), and the denominator is an area function, where, A, is a tip function
constant, and hc is the maximum indentation depth (m). In the case of the standard Berkovich tip,

A, = 26.43 [137]-[139].

2.9 Motivation for Dissertation Research

This work will further the understanding and technology needed to improve clinical
options for implants through the development and characterization of DOPS and cholesterol

implant coatings. Through the understanding of coating morphology and microstructure gained
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in the following study, an optimized solution to osseointegrative implant coatings will be able to
be pursued.

The focus of the James research group is on the research, development and
characterization of bio-inspired implant technologies. While the discoveries encountered in the
presented work have broader implications than just for medical implants, the focus of discussion

and analysis will be for the use of DOPS and cholesterol coatings in the field of bioengineering.
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Chapter 3: Research Overview

3.1 Goals and Objectives

This chapter’s purpose is to give an overview of the hypotheses and specific aims that

directed the presented work, and will outline the goals used in the subsequent chapters.

3.1.1 Chapter 4 Objectives

Understanding coating roughness and morphology is critical to implant surface stability,
release kinetics, and the understanding of biological interactions. The work presented in chapter
4 was towards the development of new methods to analyze DOPS and DOPS-cholesterol
coatings for the purpose of elucidating structure function relationships of the coatings.

The purpose of Chapter 4 is to develop methods to use scanning white light
interferometry (SWLI) for the characterization of DOPS coatings in order to be able to later
elucidate structure function relationships of the coatings. The method development goals for
Chapter 4 are as follows:

Method Development Goal 4.1: Develop methods to use scanning white light

interferometry to observe surface morphology and measure nano- and micron-scale surface
roughness of DOPS and DOPS-cholesterol coatings.

Method Development Goal 4.2: Develop methods to Develop methods to use scanning

white light Interferometry to measure the thickness of E-sprayed DOPS and DOPS-cholesterol

coatings.
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3.1.2 Chapter 5 Objectives

The purpose of the work described in Chapter 5 wa to use the SWLI measurement
methods developed in Chapter 4 for the measurement and characterization of DOPS and
cholesterol coatings. Additionally, contact angle measurements were used to study the effects of
roughness and surface chemistry on the DOPS and cholesterol coatings. The hypotheses and
specific aims for Chapter 5 are as follows:

Hypothesis 5.1: Coating contact angle measurements will negatively correlate with

coating roughness due to an increase in surface roughness in DOPS only coatings.

Specific Aim 5.1-1: Measure coating surface roughness using SWLI.

Specific Aim 5.1-2: Measure the aqueous contact angle of coating surface with a
goniometer, and look for possible correlations between these and the roughness measurements.

Hypothesis 5.2: Coating morphology (specifically surface roughness) will be the primary

reason for contact angle changes between coating compositions. That is, increased roughness
resulting from the addition of cholesterol in the coatings will result in decreasing contact angle of
the DOPS:cholesterol coatings, even though cholesterol is hydrophobic and results in high
contact angles when used by itself.

Specific Aim 5.2-1: Compare coating roughness (as measured using SWLI) with aqueous
contact angles for coatings with various concentrations of cholesterol in the coatings.

Hypothesis 5.3: The coating roughness and morphology measured by SWLI will be

more consistent on polished TigAl,V substrates compared to as-machined substrates, and will
increase the statistical power for studies of DOPS and cholesterol coatings.
Specific Aim 5.3-1: Measure the coating surface roughness of samples that were

polished prior to coating, and compare the variance and power to un-polished samples.
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3.1.3 Chapter 6 Objectives

The purpose of the work described in Chapter 6 is to analyze and characterize the effects
of adding a calcium pretreatment to the coating substrate, and the effects of the addition of
cholesterol to the coating on the coatings’ thickness, roughness, hardness, and microstructural
states. The hypotheses and specific aims for Chapter 6 are as follows:

Hypothesis 6.1: Adding a calcium solution pretreatment to the substrate will not have a

significant impact on the coatings’ thickness or surface roughness due to the localized effects of
the calcium near the substrate surface.

Specific Aim 6.1-1: Use SWLI to measure the thickness of DOPS coatings with and
without a calcium pretreatment.

Specific Aim 6.1-2: Use SWLI to measure roughness of DOPS coatings with and without
a calcium pretreatment.

Hypothesis 6.2: Adding a calcium pretreatment will harden the DOPS coatings due to a

binding of the phospholipid headgroup in the presence of calcium.
Specific Aim 6.2-1: Use nanoindentation to measure the universal hardness of DOPS
coatings with and without inclusion of a calcium substrate pretreatment.

Hypothesis 6.3: DOPS coatings will increase in roughness with increasing cholesterol

content due to a higher surface energy from the binding and entanglement of cholesterol in the
DOPS.
Specific Aim 6.3-1: Use SWLI to measure the roughness of DOPS coatings with varying

concentrations of cholesterol added to the coating.
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Hypothesis 6.4: Increasing the amount of cholesterol in the coatings will harden the

DOPS coatings due to cholesterol dispersing in the lipid system and stiffening the lamellar
DOPS structure.

Specific Aim 6.4-1: Use nanoindentation to measure universal hardness of DOPS
coatings with varying concentrations of cholesterol added to the coating.

Specific Aim 6.4-2: Use differential scanning calorimetry to measure the heat flow of
DOPS coatings with varying concentrations of cholesterol added to the coating.

Specific Aim 6.4-3: Use glancing angle X-ray diffraction to measure the diffraction

patterns of DOPS coatings with varying concentrations of cholesterol added to the coating.

3.1.4 Chapter 7 Objectives

The purpose of Chapter 7 is to analyze effects that storage (i.e., ageing) may have on the
coatings, and whether there is a change in the effects between storage locations (in a vacuum
desiccator versus an ambient location). Coatings will be analyzed for changing surface
morphology (SWLI), crystalline microstructure (GAXRD), and thermal phase transitions (DSC).
The hypotheses and specific aims for Chapter 7 are as follows:

Research Question 7.1: DOPS and cholesterol samples stored in a vacuum desiccator

will maintain a stable surface roughness and coating thickness over time.
Specific Aims 7.1-1: Use SWLI to measure the coating roughness and thickness of
DOPS and cholesterol coatings immediately following their manufacture, and after 4 and 12

weeks of storage in a vacuum desiccator.
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Research Question 7.2: DOPS and cholesterol samples stored in ambient conditions will

change in surface roughness and microstructure over time due to changes that enhance molecular
mobility and reconfiguration.

Specific Aim 7.2-1: Use SWLI to measure the coating roughness of DOPS and
cholesterol coatings immediately following their manufacture, and after 4 and 12 weeks of
storage in ambient conditions.

Specific Aim 7.2-2: Use differential scanning calorimetry to measure phase transitions of
DOPS and cholesterol coatings immediately following their manufacture, and after 4 and 12
weeks of storage in ambient conditions.

Specific Aim 7.2-3: Use glancing angle X-ray diffraction to characterize any crystalline

microstructure of DOPS and cholesterol coatings after long term storage in ambient conditions.
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Chapter 4. Characterization of E-Sprayed DOPS Coatings
Using Scanning White Light Interferometry

4.1 Purpose and Chapter Overview

Understanding coating roughness and morphology is critical to implant surface stability,
release kinetics, and the understanding of biological interactions. The work presented in this
chapter developed new methods to analyze DOPS and DOPS-cholesterol coatings for the
purpose of elucidating structure function relationships of the coatings.

Despite the in vitro [5], [17], [89] and in vivo [6], [140] studies that have been completed
with DOPS coatings, there is still relatively little known about the coatings and many limitations
arise when trying to study DOPS coatings with previously attempted analytic techniques. DOPS
coatings are much softer and thicker compared to typically studied thin films. This makes the

DOPS coatings difficult to characterize with the techniques available currently.

4.1.1 Limitations of Traditional Microscopy Techniques

Typical biological coating characterization methods include light microscopy, scanning
electron microscopy (SEM), atomic force microscopy (AFM), contact angle measurements, thin
film analysis techniques, in vitro cell studies and in vivo animal studies [141]. Many thin film
analysis technigues do not work with DOPS coatings on metallic implants due to the coatings
relatively thick and rough nature (coatings are on the order of 5-20 um in thickness).

Typical light microscopy techniques have limited utility for the analysis of DOPS
coatings given their shallow depth of field and the transparent nature of the DOPS coatings.

Please see Figure 4-1 for an example of a traditional microscope image of a DOPS coating.
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Figure 4-1 Traditional light microscope image of a DOPS coating at 20X.

As seen in Figure 4-1, traditional light microscope images have difficulty distinguishing
the coating from the metallic substrate due to coating transparency. The majority of the texture
seen in Figure 4-1 is from the substrate, despite the fact that the microscope’s focus was on the
coating surface. One can easily focus through the coating to the substrate during inspection,
making the qualitative and quantitative analysis of the coating surface difficult.

SEM is disadvantageous in that it requires a vacuum to take an image and is often a
terminal measurement. Ideally for SEM, the coatings need to be coated with a conductive
material in order to be imaged effectively. SEM is also largely qualitative by nature.

AFM can provide useful information, but is time and resource intensive. It is also limited
to a relatively narrow size scale of useful information that can be measured (e.g., techniques
focus on returning quantifiable information in only the nano or in the micro sized scale range)
[142]. AFM also suffers from tip induced imaging artifacts with the relatively soft and sticky

DOPS coatings [125].
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In vitro and in vivo methods are inherently difficult and expensive. It is often difficult to
isolate causal relationships, and there has been limited ability to show statistical differences
between groups of DOPS coatings due to gross variance in the results [6], [17].

Due to the limitations of the currently employed analysis techniques, effort was
undertaken in the present work to develop alternative methods of analysis for DOPS coatings.
These efforts were primarily focused on using a scanning white light interferometer to measure
both qualitative and quantitative attributes in order to aid the development and understanding of

DOPS and DOPS-cholesterol implant coatings.

4.2 Chapter Goals and Objectives

Method Development Goal 4.1: Develop methods to use scanning white light

interferometry to observe surface morphology and measure nano- and micron-scale surface
roughness of DOPS and DOPS-cholesterol coatings.

Method Development Goal 4.2: Develop methods to use scanning white light

Interferometry to measure the thickness of E-sprayed DOPS and DOPS-cholesterol coatings.

4.3 Preparation of DOPS and DOPS-Cholesterol Coated Samples

In order to develop a measurement method using scanning white light interferometry
(SWLI), test specimens coated with DOPS and DOPS-cholesterol were prepared. The samples
were prepared and coated via an E-Spray deposition process as outlined in the following

sections.
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4.3.1 Materials

7.5x7.5 mm TigAl,V sheet metal samples were used for all samples. The stock TigAl,V
sheeting was purchased from Titanium Joe, Inc. (Kingston, Ontario, Canada) [143]. The TigAl,V
sheet metal was then prepared at CSU by shearing the sheets into 7.5x7.5 mm squares using a
foot actuated sheet metal shearing table.

Phosphatidylserine (DOPS) was purchased in lyophilized form from Avanti Polar Lipids,
Inc. (Alabaster, Alabama) [59]. The DOPS was stored in as-received form ina  -20° C freezer
and mixed with Chloroform prior to e-spraying. Cholesterol (CAS# 57-88-5) was obtained from
Alfa-Aesar (Ward Hill, MA) [144], and mixed with DOPS along with the chloroform prior to e-

spraying.

4.3.2 Methods

Cleaning

Samples were thoroughly cleaned prior to coating according to the protocol found in
Appendix A: Protocol A - Titanium Square Sample Preparation. Briefly, the square TigAl,V
samples were sonicated sequentially in Acetone, Chloroform, 5% Liquinox, rinsed three times
and sonicated in Di water. Samples were then rinsed in ethanol, blow dried with nitrogen and

stored in a vacuum desiccator.
Passivation

After cleaning, samples were passivated according to the protocol found in Appendix A:
Protocol D - Titanium Passivation. Briefly, samples were immersed in 30% nitric acid solution
for 40 minutes, then rinse with DI water, and blow dried with lab air. Samples were then stored

in a vacuum desiccator prior to coating.

40



Electro-Spray Coating Process

Coatings were applied to the cleaned and passivated 7.5x7.5 mm square TigAl4V samples
using an electro-spray process (see Section 2.4.3). Briefly, a 1.3% (vol%) DOPS in chloroform
solution was e-sprayed onto cleaned and passivated 7.5x7.5 mm TigAl,V samples. A 12 kV

voltage differential was used with a pump rate of 14 mL/min and an 8 cm working distance.

Drying Samples

After e-spraying, the coated samples were dried under a vacuum in a desiccator for at

least 48 hours. Samples were stored similarly until utilized for analysis.

4.4 Method Development for Using Scanning White Light

Interferometry to Analyze DOPS Coatings

4.4.1 Initial Measurements Using SWLI

In order to determine whether scanning white light interferometry (SWLI) could be used
to look at the morphology of DOPS coatings, a series of tests were conducted to explore its
efficacy. The initial methods used with the SWLI on DOPS coatings and their results are

outlined in the following section.

4.4.2 Initial Methods for Scanning White Light Interferometry

SWLI Settings

A NewView 7300 scanning white light interferometer (Zygo Corporation, Connecticut,

USA) was used to measure pure DOPS coated samples. Instrument control, data acquisition and
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analysis were performed using the instrument software (MetroPro 9.0.2). Samples were prepared

and coated with DOPS as outlined previously in Section 0.

The initial microscope objectives that were utilized included the 10X, 20X and 50X
magnifications. The NewView instrument was in a standard configuration and isolated from
vibration on an air table. All samples were evaluated in atmospheric conditions in an as-sprayed
condition (i.e. no surface preparation such as gold coating was done prior to analysis). Standard
data fill and filtering techniques were utilized during SWLI measurements. The camera within
the NewView 7300 used to measure samples had a 640 x 480 resolution. The light level of the
SWLI was adjusted to maximize data capture. The standard protocol used was to remove 4™

order surface form from the SWLI measurements.
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Results

As seen in Figure 4-2, an uncoated TigAl4V sample was measured using SWLI.
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Figure 4-2 SWLI measurement of an uncoated TigAl,V sample. Top left: aerial view of the surface.
Top right: 3D model of the surface. Bottom: cross section of the surface as located by the vertical trace
located in the aerial view.

In Figure 4-2, a representative SWLI measurement of an uncoated TigAl,V sample can be
seen. The field of view of the entire measurement was 0.7 x 0.5 mm. The top left aerial view of
the surface contains a vertical trace marker, which corresponds to the 2-dimensional trace found
in the bottom of the figure. Note that the vertical scale is arbitrary and highly exaggerated in all
three views (in the 2D trace, the maximum peak to valley distance (SRt) is 6.31 um over the 500
pum trace. The arithmetic average height of the surface (SRa) is 0.650 um, and the SRz (an
average peak to valley measurement) is 3.56 pum. The material machining marks are clearly

visible across the surface of the sample, showing as horizontal ridges and valleys.
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A SWLI measurement of a representative DOPS coated TigAl,V sample can be found in

Figure 4-3.
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Figure 4-3 SWLI measurement of DOPS coated TigAl,V sample. Top left: aerial view of the surface.
Top right: 3D model of the surface. Bottom: cross section of the surface as located by the vertical trace
located in the aerial view.

As seen in Figure 4-3, the SWLI measurement of the coating has two distinct heights
throughout the measurement. This is most clearly seen in the 2D trace profile (bottom of Figure
4-3). The height of the profile jumps sporadically between the +10 pum and the -10 pum regions.

While the substrate machining marks can still be seen across the surface of the sample,
there is a larger discrepancy between the two height levels seen in this measurement than what
was found from just the substrate. The substrate roughness was on the order of several microns,

while the coated sample measurement jumps between 10 and -10 microns.
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Discussion

Surface measurement of the uncoated TigAl,V sample proceeded as expected. There were
no particular issues or reasons to question the measured interpretation of the data. Of note, there
was evidence of the substrate’s machining marks on the sample. The machining marks were
visible on the coating surface. The average roughness (SRa) was on the order of less than 1 um
for all measured uncoated TigAl,V samples.

For the DOPS coated samples, there was an apparent duality to the interpreted surface
height. This is explained by the interferometers ability to ‘see’ through the coating and produce
interference patterns at both the surface of the coating as well as the surface of the metallic
(TigAl4V) substrate. This was similar to the results found when using a regular microscope (see
Figure 4-1).

An important part of a SWLI measurement is the precise marking of the peak of the
interference pattern in the raw SWLI trace. In an ideal measurement, this Gaussian modulation
envelope will be easily distinguishable and have a high signal to noise ratio. Two example traces

can be found in Figure 4-4.
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Figure 4-4 SWLI raw measurement traces showing interference pattern modulations. Top: a typical
SWLI trace [145]. Bottom: a trace from a DOPS coated sample.

As seen in Figure 4-4, the top trace has a high signal to noise ratio and provides easy
location of the peak of the interference modulation. The lower trace is from a DOPS coated
surface and illustrates the difficulty the instrument encounters while measuring the transparent
and diffractive coating. The modulation signal is only marginally stronger than the background
noise. Additionally, one can see that there are two interference patterns that partially overlap.
These two patterns come from the two primary interfaces, the coating surface (the larger
modulation towards the right), and from the metallic substrate (the slightly smaller modulation
towards the left). This duality in the trace is the reason that the heights in the 3D map in Figure

4-3 jJump between the interfaces.
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Conclusions

Given the SWLI measurement results from the DOPS coated samples, it was concluded
that the instrument parameters and/or capture methods needed to be changed in order to isolate
the top surface of the coating from the substrate. Without some means of isolating the coating
surface from the substrate, the SWLI measurement returned height information from both the
coating surface and from the substrate. That is, some of those the heights measured were from
the coating surface, and some were from the substrate. Since the software in the SWLI is only
looking for one surface, it picks the predominant interference pattern, and assigns that as the
height of the sample at a given pixel. As is apparent in Figure 4-3, the predominant interference

pattern at a given pixel alternated between the coating surface and the substrate.

4.4.3 Interim Methods for Scanning White Light Interferometry

SWLI Settings

Two methods were next implemented to try to isolate the coating surface from the
substrate in the SWLI measurements. The first was to use a still-in-development films
application within the MetroPro software. The second was to manually “clip’ the coatings during
scanning.

The films app in MetroPro was first used to try to isolate the coating surface from the
substrate. The films app allows the MetroPro software to look for two predominate interference
patterns in the SWLI data, as opposed to looking for only one height at each pixel. The methods
used for capture were similar to the methods used in the previous section (Section 4.6.2), with
small adjustments made to the light level in order to minimize data dropout (i.e., places where no

height information was interpreted for given sections of the sample).
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The second method used to try and minimize substrate intrusion within the SWLI
measurements was to manually “clip’ the surface during scanning. Each SWLI measurement
requires an input setting for how long a scan should be in the z direction. This was typically set
anywhere from 5-20 um for the DOPS coatings. The scan length uses the current z-position as
the middle point of the scan. For example, if focus on a sample was at an absolute height of 50
pum above the stage and the scan length in the z-direction was set to 20 um, the stage would
move down 10 pm (increasing the distance between the sample and the objective by 10 um), and
the instrument would then collect the measurement while moving the stage upwards 20 pm
(ending with the stage 10 pum higher than its initial starting position). After measurement, the
stage would then be returned to the original, in focus, position (where the focal plane is 50 pm
above the stage height).

During the manual clipping method, an attempt was made to raise the scan floor (i.e., the
lowest level at which SWLI captured height information on the sample) above the level of the
substrate, while remaining below the height of the coating surface. This was typically done by
focusing on the coating surface and then using a custom script to lower the stage 5-15 um away

from the objective and then using either a 10 or 20 um scan distance.
Results

MetroPro Films App

A SWLI measurement of a representative DOPS coated TigAl,V sample taken using the

films app can be found in Figure 4-5.
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Figure 4-5 Films app measurement of a DOPS coated sample. Note; the data fill option was disabled
for this analysis.

As seen in Figure 4-5, there is clear evidence in the trace (top right) for two surfaces, one
at the coating, and one at the substrate. Given a default index refraction value of 1, the films app
interpreted the coating thickness to have an average thickness of 2.14 um, with a peak to valley
height of 7.65 pum in thickness. It should be noted that the data fill option was disabled in the
analysis shown in Figure 4-5 in order to show the level of completeness of the data. For
reference, disabling the data fill option in measurements from previous sections had negligible
visual impact on the final image.

A SWLI measurement of a representative 1:1 DOPS:cholesterol coated TigAl,V sample

taken using the films app can be found in Figure 4-6.
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Figure 4-6 Films app measurement of a 1:1 DOPS:cholesterol coated sample. The data fill option
was disabled for this analysis.

As seen in Figure 4-6, there was still evidence for two interfaces in the SWLI trace. In
general, the addition of cholesterol to the coatings impeded the ability of the MetroPro films app
to accurately distinguish both the coating and substrate surfaces. There was still height
information at both interfaces, but there was also evidence of additional mid-coating

interpretations of sample height due to increased diffraction within the coating.

Manual Scan Clipping Method

A SWLI measurement of a representative DOPS coated TigAl,V sample taken using the

manual clipping method can be found in Figure 4-7.
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Figure 4-7 SWLI measurement of a DOPS coated sample captured before and after implementation
of the manual clipping method. The top screenshot was scanned normally; the bottom screen shot was
manually clipped in order to attempt to exclude the substrate.

As seen in Figure 4-7, the manual clipping method was able to remove much of the

substrate contribution to the measurement, and consequently decreased the reported roughness.
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However, the veracity of the data was sometimes questionable, due to the substrate topography

being on the same height scale as the lowest parts of the coating.

Discussion

MetroPro Films App

The films app successfully detected two surfaces during SWLI measurements, but had
two drawbacks. First, it suffered from severe data dropout, especially when measuring the
DOPS:cholesterol coatings, and secondly it requires one to know the index of refraction. Data
dropout was severe using the films app due to poor signal to noise ratios in the raw data (as seen
in Figure 4-5). This is a difficult limitation to overcome with DOPS coatings due to the
inherently thick, diffractive, and inhomogeneous nature of the DOPS coatings.

The index of refraction of bulk DOPS and DOPS:cholesterol coatings is not available for
input into the films app. Even if it were known, the index of refraction is coating composition
specific and varies from sample to sample. Coating inhomogeneities would also change the index
of refraction locally within the coating and adversely affect measurement interpretation. A point
worth noting for the films application is that it requires you to input the optical index of
refraction for the coating being measured. While this is easily done for homogenous films with
known optical properties, it is more difficult with DOPS and cholesterol coatings given their
largely unknown optical properties.

Additionally, it was observed that using the films app became increasingly difficult with
increasing concentrations of cholesterol in the coatings. This indicates that the cholesterol

coatings were more diffractive and inhomogeneous in comparison to the plain DOPS coatings.

52



In order for a SWLI films app measurement to be highly repeatable, the signal to noise

ratio needs to be high. Example SWLI traces can be found in Figure 4-8.

Films Point Trace L dm o ZUg0 Films Intensity Map

Films Point Trace Plot )

Films Point Trace 4t Z4g0 Films Intensity Map

Films Point Trace Plot

Figure 4-8 Example of a SWLI trace containing a single (top), and multiple Gaussian modulation
envelopes (bottom). Top left and right; a SWLI trace with a single modulation from a point on the sample
that has one interface (red arrow). Bottom left and right: a trace with multiple modulations representing the
detection of two interfaces on the sample (black arrow) [145].

In Figure 4-8, there are two SWLI traces, the top SWLI trace shows a single Gaussian
modulation envelope from a point on the sample that has one interface, i.e., no coating (red
arrow). The bottom trace exhibits multiple modulations, representing the detection of two
interfaces on the sample, i.e., a coating (black arrow). These signals are from the silicone
industry [145], and demonstrate a much stronger signal to noise ratio as those measured for the

DOPS coatings (Figure 4-5, Figure 4-6).
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Manual Scan Clipping Method

During implementation of the manual clipping method, the set points used for the scan
range start point and scan length were usually iteratively discovered based on the apparent
coating thickness and the resulting SWLI measurements. If there was significant data dropout, it
was concluded that the scan floor was set too high and did not include the coating surface. If
there was significant duality in the sample height (i.e., apparent addition of substrate height
along with that of the coating surface, as found in Section 4.4.2), it was concluded that the scan
floor was not set high enough (was including the substrate in the scan).

The manual clipping method worked best with very thick coatings. The coatings
measured in this work generally ranged from 3-20 um in thickness. For the thicker coatings, it
was relatively easy to exclude the substrate in the scan range. However, for the thinner coatings,
it was difficult or impossible to do this, as the transition between the substrate surface and top of
the coating was often indistinct. There were many times that the substrate was higher in areas
than low points in the coating surface. This made it impossible to select a scan range floor that
was above the metallic substrate while remaining below the coating surface.

As with the films app, it was found that the manual clipping method was significantly
less successful when measuring coatings that included cholesterol. This was primarily attributed

to the fact that the cholesterol coatings were more diffractive than the plain DOPS coatings.
Conclusions

Neither the MetroPro films app nor the manual clipping method was fully deemed
acceptable for analysis of the DOPS coatings. While both methods improved results over those

found in Section 4.4.1 and showed promise, they each had limitations. The MetroPro films app
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worked for plain DOPS coatings, but had significant signal to noise issues (that were especially
apparent when analyzing the DOPS:cholesterol coatings), resulting in severe data dropout and
limited utility for the presented work. The manual clipping method worked for thick coatings,
but was difficult or impossible to implement effectively with thin coatings where the substrate
roughness was on the same size scale as the coating thickness. This was primarily due to
substrate roughness that was on the same order of scale as the coating thickness.

It was concluded that better isolation of the coating surface was still needed. The primary
difficulty encountered during measurements in this section was still related to the interferometer

‘seeing through’ the coating and reading surface height values below the surface of the coating.

4.4.4 Final SWLI Measurement Methodology

Given the limitations found above while using the 5X, 10X and 50X objectives, the next
strategy employed was to take advantage of the reflectance changes associated with changing the
numerical aperture of the objective. Each objective has a fixed numerical aperture, which
generally increases with increasing magnification. The previously engaged measurement
techniques suffered from the consequence of the SWLI seeing through the coating surface. Given
the observation of slight, but noted, changes in coating reflectance between objectives, the
highest numerical aperture lens available (100X) was chosen to limit sub-surface SWLI
measurements.

A 100X objective was used in combination with a multi-frame composite stitching
strategy in order to isolate the coating surface and increase the field of view for the analyzed

area. The 100X objective was used because of its high numerical aperture, and consequent ability
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to help exclude the substrate during measurement. A multi-frame composite stitch strategy was

then used, increasing the field of view for the analyzed area.
Methods

The following changes were implemented to the methods outlined in Sections 4.4.2 and
4.4.3. A 100X objective and 0.5X zoom were used to capture each frame. A custom frame
stitching script was then used within MetroPro to produce a 35 frame composite image (i.e., each
analyzed area was a composite comprising of 35 individual capture frames). The composite
pattern was 5 columns by 7 rows, with each frame having 25% overlap with adjacent frames in
the final composite. Each individual frame had a field of view of 138 x 103.5 pum and 640 x 480
pixels and underwent a 40 um vertical scan. This resulted in a lateral pixel resolution of 0.22 um.
The final composite had a field of view of 500 x 500 um and 2319 x 2319 pixels. A 0.0025 pm
low pass noise filter was used to filter out high frequency optical noise. As used before, the data
fill option within MetroPro was enabled to fill-in occasional data dropout.

The zoom setting was set to 0.5X for the SWLI measurements in this section. In addition
to the objective used (and its associated fixed magnification), there is an additional optical zoom
setting on the New View 7400 that can be set to 1X, 2X, or 0.5X. The SWLI measurements in

the previous sections utilized the 1X zoom setting.
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Results
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Figure 4-9 SWLI composite stitch comprised of 35 individual 100X capture frames of a DOPS
coating surface.

A representative composite SWLI capture can be seen in Figure 4-9. The final mapped
coating surface does not jump between the substrate and coatings surfaces as with prior

measurements (as was seen in Figure 4-3and Figure 4-5).
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Figure 4-10 SWLI 3D maps of 1 frame (top), and 35 frames (bottom) from a DOPS coated sample.
Frames were captured using the 100X objective.

A representative composite capture of a DOPS coated sample can be seen in Figure 4-10.
Similar to the SWLI measurement shows good isolation of the coating surface, with no evidence

of substrate height measurements.
Discussion

The 100X objective showed great improvement in selecting only the top surface of the
coating, there was little evidence for substrate interference in the measurements. This was also
seen in the raw SWLI traces, with the 100X objective, the substrate did not contribute a
significant Gaussian modulation envelope compared to the surface interface.

A significant benefit of using the 100X objective frame stitching strategy is increased

lateral pixel density. The 10X objective (with a 697 x 522 um field of view) has a 1.09 pum pixel
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pitch, whereas the 35 frame 100X composite analysis area (with its 0.5 x 0.5 pm field of view)
has a 0.22 um pixel pitch. This is a fivefold improvement over using the 10X objective, and
allows for increased high frequency surface information to be captured.

A downside of the composite strategy is that it takes longer to measure the surface. A
typical SWLI scan takes less than 2 seconds, so the added time is comparatively minimal. A 35
frame stitched are takes about 2 minutes to capture, combine and process.

The stitch strategy was necessary to capture enough repeating form and surface features
S0 as to have an accurate representation of the surface. The 0.5 x 0.5 mm area was shown to
provide a large enough analysis area to provide a good representation of the surface. If the area
was much smaller, size features may have been missed, and larger areas were found to be
generally unnecessary. This can be illustrated by the roughness measurements changing
dramatically between the individual capture frame (SRa = 0.85 pm and SRz = 2.905 um as seen
in the top of Figure 4-10), and the final composite analysis area (SRa = 1.691 um and SRz =

8.095 um as seen in the top of Figure 4-10).

Conclusions

The high magnification objective and composite stitch strategy successfully allowed the
use of SWLI for measurement of DOPS coatings. By taking advantage of the high numerical
aperture of the 100X lens, the SWLI measurements excluded the substrate. There was little
evidence for substrate surface interference in the final SWLI measurements. This strategy
allowed better imaging of the DOPS and DOPS:cholesterol coating surfaces. The interference

pattern for the coating surface became the predominant interference pattern, allowing the
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effective measurement of DOPS coatings. The stitching then allowed sufficient analysis area for

effective visualization of the coating morphology.

4.4.5 SWLI Method Development Discussion

Numerical Aperture Effects

The numerical aperture (NA) of a lens is an important property for the measurement of
DOPS coatings using SWLI. The NA of a lens is a measure of how much detail can be resolved

and light gathered from a surface by an objective at a fixed distance [146].

NA = (n)sin{p)
(a) p=7" MNA=0D.12
(b) u=20"NA=0.34
(c) p=60°NA=0.87

(a) (b)

Figure 4-11 Examples of different objectives and their associated changes in numerical apertures
[146].

As seen in Figure 4-11, the numerical (or angular) aperture is calculated the following
equation: NA = (n)sin(u), where n is the refractive index of the imaging medium (in our case n =
1.0 for air), and [ is the angle of the imaging cone (and has a maximum angle of 90 degrees). In
air, the maximum NA that can be achieved is 1.0. However, in practice, building a dry (i.e., air)
objective with a NA over 0.95 is not practical. In Figure 4-11, the first objective (a) has an angle

(w) of 7°, and a NA of 0.12. The last objective (c) has an angle (i) of 60°, and a NA of 0.87. All
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other things being equal, increasing the numerical aperture decreases the working distance and
increases the resolving power of the objective.

An advantage of an increased NA is the ability to capture surface information at higher
slopes. The NA determines the maximum slope angle that can be measured on a surface, with
low NA apertures being unable to capture high slope regions [147]. The theoretical maximum
angle that is half of the angle p (as seen in Figure 4-11). Thought of simply, the reflected light
from the surface must be within the acceptance cone of the objective, otherwise the microscope
is unable to record the surface feature. With high slope angle features, it is possible for the
reflected light to be outside the numerical apertures acceptance cone [148].

Common objective attributes including the numerical apertures of the different objectives

available on the utilized NewView 7300 can be found in Table 4-1.

Table 4-1 Common attributes of the NewView 7300 objectives utilized.

Objective Numerical Aperture | Lateral Depth of Field Working Distance
Magnification (NA) Resolution

5X 0.13 2.7 um + 17 um 9.3 mm

10 X 0.30 1.2 um +3.17 um 7.4 mm

20 X 0.40 0.9 um +1.78 um 4.7 mm

50 X 0.55 0.6 um +0.94 um 3.4 mm

100 X 0.80 0.4 um +0.45 um 0.55 mm

As seen in Table 4-1, the 100X objective has a significantly higher numerical aperture
(0.80) than the other available objectives. In addition to being able to increase captured
resolution of the surfaces, an important attribute was discovered while developing SWLI
methods with DOPS coatings. It was noted during SWLI measurements with the 5X, 10X and
50X objectives that the SWLI seemed more easily able to see the substrate at lower

magnifications.
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The higher numerical aperture objectives have the ability to decrease interference from
the substrate in readings. That is, the lower numerical apertures are more likely to capture
unwanted height information at the metallic substrate. This is likely due to the shallow approach
angle of the incident light in low numerical objectives. In contrast, the high numerical aperture
lenses light has a significantly longer and more convoluted path to reach the substrate, thereby
decreasing the strength of the interference pattern associated with the substrate. This led to the
realization and association of coating reflectance to numerical aperture of the lens. This in turn
led to the development of the final SLWI measurement methodology of using the high numerical

aperture 100X objective and multi-frame stitch strategy.

Difficulty in Using SWLI for DOPS Coatings with Cholesterol

Measuring DOPS coatings was easier than measuring coatings that contained cholesterol.
It was noted that once cholesterol was added to the coatings that the coating surfaces became
more diffuse and diffractive. This was overcome with the use of dual light level stitching. When
utilizing a dual light level capture the SWLI first collects at a low light intensity, and then again
at a higher light intensity and combines the height information from the two measurements. The
two light levels were manually set to maximize data capture, with one level being much brighter

than used with pure DOPS coatings.

Small Working Distance of 100X Objective

It is worth noting is that the 100X objective only has a 550 um working distance (see
Table 4-1) between the sample surface and the glass of the objective. This small working
distance warrants the need for particular care while manually controlling the stage. An additional

instrument use protocol was consequently developed to help prevent a stage collision. Instead of
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manually setting the z-stop on the manual stage controller, protocol was developed to first focus
on the sample surface with a lower magnification objective (either the 10X or 20X
magnification), and then change to the 100X objective. After changing to the 100X objective,
focus is confirmed, and then a custom MetroPro script is used to raise the sample 50 pum closer to
the 100X objective. The Z-Stop on the manual stage controller is then set in order to prevent an
accidental stage collision with the objective. After setting the Z-stop at 50 um below the focal

plane of the coating, another custom script is used to raise the objective 50 um back into focus.

SWLI Measurement Automation

The SWLI measurement and stitch process and the dual light level capture are automated
via the use of MetroPro scripting. In the stitching mode, the input variables can be customized
for the final size of grid to capture (or for the number of rows and columns of frames), and for
the percentage of overlap between frames. The dual light level script asks for the two desired
light level settings and then automatically captures and combines the scan measurements.

SWLI measurement automation could be implemented further with custom patterns for
the stitch routine for sampling across one sample, and/or multiple samples. In the presented
work, this was not necessary as the samples were done in smaller batches and required enough
supervision of light level settings so as to negate the advantage of full automation. In the future,

full automation could be a significant advantage dependent on the application.

4.4.6 SWLI Method Development Conclusions

DOPS and cholesterol coatings are semi-transparent and tend to scatter light in such a
way as to make measurements of only the top (or bottom) surface of the coating difficult. The

use of lower magnification objectives in the SWLI (and their associated lower numerical
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apertures) was found to collect unwanted height information at the metallic substrate and at
anomalies within the coating, in addition to the coating surface.

This led to the use of manual control of the scan range in order to physically exclude the
substrate surface in the SWLI scan, effectively “clipping’ the lower coating surface. However,
this manual ‘clipping’ technique was impractical for thinner coatings due to roughness of the
Ti6Al4V substrate being on the same size scale as the thickness of the coatings. Also, manual
clipping did not help avoid mid-coating refraction of light or help with coatings that had regions
of highly sloped surfaces. The films app in MetroPro showed promise, but suffered from a large
amount of data dropout due to very low signal to noise ratios.

These discoveries led to the final SWLI method of using the 100X objective in order to
take advantage of its higher numerical aperture, and its inherent ability to increase the
prominence of the interference pattern at the coating surface. The 0.5X zoom and composite
frame stitching strategy were then utilized in order to increase the effective field of view and
analysis area of the coating surface for SRa and SRz measurements. Using these methods, all of
the stitched capture areas generally had much greater than 80% height information before data
fill, and any missing data was usually only in the highest slope regions of the coating, which had
little impact on roughness measurements.

These methods are extensible for the quantitative measurement and analysis of other
rough, thick, and optically diffractive coatings of biological materials. Traditional applications
for the SWLI instrument have been nearly exclusively applied towards the optics and
manufacturing industries. The modification and further development of the basic principles of
these methods could prove very beneficial for other biological applications given the limited

prior application of this technology in the realm biological systems research.
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4.5 Quantitative Measurement of Coating Roughness Using

Scanning White Light Interferometry

4.5.1 Purpose and Overview

The next step in using SWLI to analyze DOPS coatings is to be able to quantitatively
analyze the surfaces. Building on the previous sections progress, effort was undertaken to
determine a SWLI parameter set to numerically measure the roughness of the coating surfaces.
This will allow quantitative evaluation of coating properties and better understanding and control
of the deposition process.

This section’s purpose is to address the chapter’s 2nd Technology Development Goal:
Develop methods to use Scanning white light Interferometry to measure the surface roughness of

DOPS and DOPS-cholesterol coatings.

4.5.2 Materials and Methods

Samples were prepared as previously outlined in Section 0. Briefly, DOPS coatings were
applied to cleaned and passivated 7.5 x 7.5 mm TigAl,V samples. A 1.3% (vol%) DOPS in
chloroform solution was e-sprayed onto cleaned and passivated 7.5x7.5mm TigAl,V samples.
The voltage differential used was 12 kV with a pump rate of 14 mL/min and an 8 cm working
distance.

Three treatment groups were prepared: (1) a pure DOPS groups, (2) a 1:1
DOPS:cholesterol group, and (3) a pure cholesterol group. Prior to coating with DOPS and
cholesterol, the TigAl,V samples were pretreated in a calcium salt solution as outlined in

Appendix A, Protocol C.
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SWLI Methods

SWLI measurements were made as outlined in Section 4.4.4. Briefly, a 100X objective
and 0.5X zoom was used to capture a 140 x 110 um field of view frame. A composite stitch of
35 of these capture frames was used to analyze the roughness in an area of 0.5 x 0.5 mm. Spike
removal was used (XRMS = 2.00) to remove pixel level noise. Data fill was used to fill in
infrequent data dropout. A 2.50 um low pass noise filter was used to remove higher frequency
optical noise and 2x errors. The low pass noise filter was selected using iterative application and

visual analysis of the mapped surface.

In order to check coating consistency across a given sample each sample was analyzed at
seven locations on the coating surface. The underlying manufacturing marks were oriented East
to West, and the seven composite capture areas were taken at the following locations: in the
center of the sample, 2 mm East of center, 2 mm North of the East location, 2 mm North of the
center, 2 mm East of center, 2 mm North of the West location, and 2mm South of the center. Or,
stated in clockwise order, these locations were at the East, North-East, North, North-West, West,

South, and Center of the samples.

Six non coated TigAl,V samples were also measured for reference. These samples also
underwent the calcium pretreatment process as outlined in Appendix A, Protocol C. The six
uncoated sample blanks were measured at the center of the sample, 2mm North of center, and

2mm South of the center.
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4.5.3 Results

SRa=1.94 | SRa=1.26 | SRa=1.24
SRz=9.68 | SRz=6.99 | SRz=7.08
SRa=1.11 | SRa=0.92 | SRa=1.34
SRz=5.30 | SRz=4.95 | 5Rz=8.15
SRa=1.40
SRz=8.08

Figure 4-12 SRa and SRz measurements at different locations across a 1-1 DOPS:cholesterol coated
sample. The top left of the diagram represents the top left of the sample (or North-West corner), the center of
the diagram represents the measurement taken at the center of the sample, etc.

A representative measurement set from different points on a single 1:1 DOPS:cholesterol
sample can be found in Figure 4-12. Each measurement on the sample is shown on the diagram
by its location, as if viewed on a map. Similar measurements were made on a single DOPS and a
single 12:1 sample. An additinoal five samples from each of the three groups (DOPS,

cholesterol, and 1:1 treatments) were then measured in the center of the sample, and the results

tabulated in Figure 4-13.
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Figure 4-13 SRa roughness measurements from SWLI of DOPS, 1:1, and cholesterol groups by

sample number and location within a sample. All values are in pm.

As seen in Figure 4-13, SRa measurements from the 7 locations measured on the first
sample are compared with the centers of the additional five unique samples. The standard
deviation in each treatment group was larger across samples than it was within a given sample.

Results for the SRz parameter were similar to the SRa measurements, as seen in Figure 4-14

below.
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Location on the sample
Sample # | Center W NW N NE E S Average  StDev.
11.702 13.373 14.206 11.206 11.221 10.455 10.118| 11.754 1.505
5.095
4,205
8.423
4.552
15.119
Average 8.183
StDev. 4.452
4,947 5.302 9.677 6.992 7.081 8.152 8.083 7.176 1.661
6.611
8.762
11.324
3.678
7.243
Average 7.094
StDev. 2.728
15.018 28.716 21.576 15.621 13.584 15.556 21.432 19.358 5.142
6.545
7.118
16.835
7.524
22.347
Average 12.074
StDev. 7.142

=R A A

100% DOPS coating

|| wr =

1:1 DOPS:cholesterol

o fln e |

100% cholesterol

Figure 4-14 SRz roughness measurements from SWLI of DOPS, 1:1, and cholesterol groups by
sample number and location within a sample. All values are in pm.

In Figure 4-14, the seven locations measured on the first sample are compared with the
centers of six unique samples. As with the SRa measurements in Figure 4-13, the standard

deviation in each treatment group was larger across samples than it was within a given sample.
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SRa Location on the sample
Sample # | Center N S Average  StDev.

1 0.571 0.722 0.556 0.616 0.092
a 2 0.644 0.667 0585 0.632 0.042
g 3 0.739 0.747 0.718 0.735 0.015
E 4 0.615 0.740 0.698 0.684 0.064
ﬁ a 0.890 0.674 0.604 0.723 0.149
e i} 0.807 0.711 0.866 0.795 0.078

5 Average 0.711 0.710 0.671 0.697
StDev. 0.123 0.032 0.115 0.095

SRz Location on the sample
Sample # Center M 5 Average StDev.

1 3.364 3.832 2877 3.358 0.478
a 2 3.209 3.232 3.093 3.178 0.073
g 3 3.310 3.662 3498 3490 0.176
E 4 3.078 3.794 3.302 3.391 0.366
ﬁ 5 4,933 3.274 3.342 3.850 0.939
e ] 3.959 3.583 4,148 3.897 0.288

5 Average 3.642 3.563 3.377 3.527
StDev. 0.701 0.257 0.435 0.483

Figure 4-15 SRa and SRz SWLI measurements of uncoated TigAl,V. All values are in pm.

The results for the uncoated TigAl,V samples can be found in Figure 4-15. The average
SRa and SRz roughness across all eighteen measurement points was 0.697 £0.095 um and 3.527

+0.438 um, respectively.

4.5.4 Discussion

Ultimately, the SWLI measurement results need to be critically evaluated for credibility
in the context of the surface being measured. It is easy to get a measurement using SWLI, but the
results should be confirmed (as possible) and questioned for the presence of measurement

artifacts. These artifacts can be optical, as well as morphological. In the case of the DOPS and
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cholesterol coatings, the translucent and diffractive nature of the coatings made the SWLI
measurement method development process an iterative event. It was only after confidence was
gained in the measurement process (as outlined in section 4.4) that the quantitative results
measured in this section could be relied upon. The process for filtering involved looking at 2D
measurement traces and selecting the smallest low pass filter size that adequately removed high
frequency optical noise. The low pass filter size used was chosen based on commonly utilized
2D profilometer tip sizes in order to support comparison with other techniques. The low pass
filter was then paired with the use of a standard pixel level spike filter that removed height jumps
2-pixels in diameter or less that represented measurement artifacts.

Some difficulties interpreting and filtering SWLI measurements of the DOPS coatings
still exist, but these have minimal effect on the measurement parameters chosen (SRa and SRz).
While there was still some data dropout in SWLI measurements at very high slope regions on the
DOPS and cholesterol coatings, its absence has negligible effects on the SRa and SRz roughness
parameters. This is due to the way that SRa and SRz are calculated. In a plateaued surface, both
SRa and SRz are minimally affected from changing the slope of the cliffs in the data from a steep
to a 90° angle. The issue of high slope data dropout would become more of a concern if one were
to look at topological properties that dealt with slopes and slope angle distributions.

A significant amount of roughness was found on the uncoated TigAl,V samples (as seen
in Figure 4-15). The roughness values of the uncoated TigAl,V were generally one half to one
third of values of the coated samples. The underlying machining marks were clearly visible on
the surface of the coated samples during SWLI measurements. These machining marks clearly
affected the measured roughness (SRa and SRz) at different locations within a single sample. As

seen in Figure 4-12, the roughness values were similar in a given row, corresponding to the East
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to West orientation of the machining marks prior to measurement (i.e., the ridges in the TigAl,V

samples were oriented East to West prior to measurement).

45.5 Conclusions

The method developed for measuring roughens with SWLI works well, is repeatable,
much faster than profilometer, able to measure without contacting the surface, and allows for a
much larger amount of surface information to be gathered than with other 1D and 2D
measurement techniques. After the iterative confirmation of an appropriate low pass filter size
(2.5um), optical artifacts were satisfactorily removed without significantly affecting the
measured roughness values. The high lateral pixel density gained from using the 100X objective
(0.22 pm per pixel) combined with the frame stitching strategy allows for excellent high
frequency information gathering and valuable quantitative surface insights.

Given the higher variance between coated samples compared within a single sample, it
was determined that one SWLI composite stitch measurement per sample with a higher number
of samples tested was a suitable testing strategy. This strategy allows for an increased
understanding of process variations and is a more true representation of treatment affects than
using smaller sample numbers and multiple measurements per sample.

It was also concluded from the results that the underlying machining marks of the
TigAl,V samples were decreasing the statistical power of the treatment groups. This conclusion
led to the development and use of a polishing procedure (as outlined in Appendix A, Protocol E).
The polishing procedure was found to further confirm the need to only measure each sample
once at the center of the sample due to decreased variation across the sample as caused be

anisotropic machining marks.
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4.6 Measurement of Coating Thickness with Scanning White Light

Interferometry

4.6.1 Purpose and Overview

This section’s purpose is to address this chapter’s 3rd Technology Development Goal:
Develop methods to use scanning white light Interferometry to measure the thickness of E-
sprayed DOPS and DOPS-cholesterol coatings. This will allow further qualitative evaluation of

coating properties and better understanding and control of the deposition process.

4.6.2 Material and Methods

Samples were prepared as previously outlined in Section 0. Briefly, DOPS coatings were
applied to cleaned and passivated 7.5 x 7.5 mm Ti6Al4V samples. A 1.3% (vol%) DOPS in
chloroform solution was e-sprayed onto cleaned and passivated 7.5x7.5mm Ti6Al4V samples.
The voltage differential used was 12 kV with a pump rate of 14 mL/min and an 8 cm working
distance. Prior to coating with DOPS, Ti6Al4V samples were mirror polished on a histology

grinder as outlined in Appendix A, Protocol E.

SWLI Methods

SWLI measurements were made as outlined in Section 4.4.4. Briefly, a 100X objective
and 0.5X zoom was used to capture frame with a 140 x 110 um field of view. A composite stitch
of 35 of these capture frames was used then used to analyze the roughness in a final area of 0.5 x
0.5 mm. Spike removal was used (XxRMS = 2.00) to remove pixel level noise. Data fill was used
to fill in infrequent data dropout. A 2.50 um low pass noise filter was used to remove high

frequency optical noise.
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Sample Scratching Method

Prior to measuring with the SWLI, a small metal pick/awl was used to create a scratch
through the sample coating. This was done manually, using relatively little force, and at an angle

of approximately 20 degrees from the vertical. The tip of the awl had an 100 pum tip radius.

Film Thickness Measurement Script Automation

In order to automate the scratch depth measurement process, a custom mask was used to
level the 2D profiles. This mask only included the two side regions of the coated sample, with
the scratch running from south to north in the center of the sample. A measurement window was
then set to fit five 2D profile traces to the mean height of the masked regions (forcing the profile
lines zero point to the mean of the non-scratched region of the coating). The lowest point of each
trace (the bottom of the trough) was then set to display for each line, and averaged across the

lines.

4.6.3 Results
The coating scratched easily and consistently using the metal awl and manual method. A

full thickness scratch can be seen in the SWLI scan shown in Figure 4-16.

74



+24.42110

Figure 4-16 SWLI measurements of two DOPS coated samples (with Ca pretreatment) with a full
thickness scratches.

As seen in Figure 4-16 with the exaggerated z axis height scale, it is apparent that the
coating is soft enough to be pushed aside by the scratching process. There was clear evidence of
the scratch reaching completely to the substrate when examining the bottom of the scratch
trough. An example of this is illustrated in the lower half of Figure 4-16, where the coating
partially delaminated near the top of the scan area from the scratching process. The bottom of the
delaminated section is constant to the bottom of the trough. Additional evidence for the scratch
reaching the substrate surface was the observation of Ti6Al4V surface morphology at the bottom

of the trough that was clearly visible at higher magnifications.
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Figure 4-17 SWLI mask selections for leveling the profile data in the unscratched

The masked region chosen and implemented in the mask editor of MetroPro can be seen
in Figure 4-17. The left hand side of the Figure shows the rectangles input to the mask editor,
and the right hand side show a representative coating surface with only the masked regions
visible. These masked regions were then used to level the 2D profiles as seen in Figure 4-18, that

is, the side regions of the surface were used to level the entire surface for the following analysis.
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Figure 4-18 2D profiles used to automatically measure the scratch trough depth of coated DOPS and
cholesterol samples.

Figure 4-18 shows the 2D profiles set at repeating distances across the sample from West
to East (as would be mapped aerially), with the scratch going from South to North. Each 2D
profile is set to use the mean height of the masked region (Figure 4-17) as the zero height. The
lowest point of each profile is then tabulated, averaged, and displayed in the lower right hand
corner of the instrument control window (as seen in the lower right of Figure 4-18). In the case
of the pure DOPS coating seen in Figure 4-18, the scratch trough depth ranged from 7.39 to 9.36

pum, with and average depth of 8.30 um.

4.6.4 Discussion and Conclusion

For the sake of method consistency, the same 100X objective and thirty five frame stitch

strategy was used to measure the scratch depth. It could be that a longer section of the scratch
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would be desirable to measure (longer than 0.5 mm), and a different stitch shape/size could

easily be implemented.

4.6.5 Conclusion

The scratch thickness measurement method worked consistently and accurately. The
automation process allows quick, non-biased trough depth measurements. The method is easily
implemented on a small section of the sample, without damaging the rest of the coating. This
method could also be used to check coating height consistency across the same sample, in

addition to across multiple samples.

4.7 Chapter Conclusions

SWLI was found to be an excellent surface analysis technique for characterizing these
biomimetic DOPS implant coatings, and these methods can easily be translated for the use with
other difficult biological surface applications. Using the methods developed above, SWLI proved
useful for the quantitative measurement of coatings roughness and thickness properties.
Previously, there were no practical and effective techniques for accomplishing these tasks due to
the coating’s rough, soft, and diffractive nature. Using SWLI for future studies will allow for the
further understanding and optimization of DOPS coating parameters, as well as for use with
similarly difficult surfaces and coatings in other fields of research.

Use of SWLI to capture surface morphology and roughness information of these implant
coatings is uniquely beneficial in several ways. It allows for non-destructive measurement of the
coatings. Unlike SEM, which requires a conductive gold (or similar) coating on the surface and

decreased atmospheric pressure for imaging, SWLI can be used to measure these coatings before
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or after other testing is performed. Prior to development of the SWLI methods, it was assumed
that SEM images were fully representative of the DOPS coating morphology. It is now known
(from comparisons with SWLI data) that the gold coating process and high vacuum environment
of the SEM chamber tends to alter the coating surface structure, and SWLI allows for the
analysis of coatings without damaging the surfaces.

SWLI measurements have also been found to be a more repeatable and consistent way to
analyze these implant coatings compared to traditional in vitro techniques such as contact angle
measurements. Contact angle tests have a high amount of inherent variance. Due to a significant
correlation between the SWLI measured SRa and contact angle (as shown in the next chapter),
SWLI was used to help understand similar aspects of the coating’s properties with higher
repeatability and precision.

Thirdly, SWLI allows for higher throughput and is less resource intensive than many in
vitro techniques. This allows for a greater sampling ability and a resulting better understanding
of developmental issues in the manufacture of the coatings. Process control issues that were not
apparent previously from small sample size testing in SEM analysis of these coatings were
elucidated in the investigations with the SWLI instrument.

SWLI is a useful tool for the characterization and ongoing development DOPS implant
coatings. SWLI was particularly practical for these many-micron thick and rough biomimetic
implant coatings in comparison to traditional thin film techniques that are limited to sub-micron
coating thicknesses. SWLI measurements offer the ability to test in series with other in vitro
measurements as it is non-destructive to the coating. It is a quick, highly repeatable method for

use with environmentally sensitive and optically diffractive biological coatings.
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4.7.1 Future Work

There are many opportunities for the future application of the SWLI measurement
methods developed and presented herein. Being able to quickly and non-destructively measure
and quantitate surface morphology opens up many possibilities for future studies to further
elucidate structural and functional properties of these biological coatings. Some of these possibly
studies of particular interest could include the characterization and optimization of spray
parameter effects on coating morphology, increasing coating deposition consistency, and SWLI
measurements in concert with in-vitro and in-vivo studies. For example, it would be valuable to
track the roughness and thickness changes of DOPS coatings over time while the coatings are
subjected to different relevant conditions (such as a high humidity environment).

One of the particularly insightful discoveries that was found after using SWLI to analyze
the coatings was the relatively high level of variation that exists between e-sprayed samples
within the same batch, and of variance between e-spray batches. Prior to this, the coating’s
qualitative appearance from SEM was the primary measurement point to ensure consistency
between samples and batches. With the new knowledge of SEM’s tendency to alter/damage the
coating surface, and with the increased ability of SWLI to differentiate the coatings
quantitatively, coating variations were discovered and are now better able to be studied. It is
suggested that the effects of environmental variables during the e-spray process be further
characterized now that the SWLI measurement technique is available to better characterize
coatings non-destructively.

Dependent on the scope and scale of future studies, it may also prove beneficial to more
fully automate the SWLI measurement process. While further automation was not found to be

necessarily beneficial in the presented work, future studies may want to take further advantage of
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the powerful scripting options within the MetroPro software. This would include the ability to
fully automate the measurement process into a measurement pattern that spans across multiple
samples. The script could be set up to drive the stage to a preset location (e.g., the center of the
next sample), autofocus, measure a 35 frame composite stitch, go to the next sample, and repeat.
This would be advantageous in freeing the operator from constant supervision in what could
otherwise be a time intensive process in a large study.

Information related to the coatings’ mechanical properties can be gleaned from the
qualitative analysis of the scratch cross section. These relatively soft DOPS and cholesterol
coatings tend to push and mound up at the edges of the scratch. Stiffer coatings may delaminate.
These observations may be able to be expanded into additional quantitative analysis with further
development [149]. It may be useful to ensure the application of a more repeatable scratch angle
and force in order to achieve a uniform response in the coating.

There may be some interesting insights of the DOPS coatings that could easily be gained
using the films app in combination with the other methods developed in this chapter. For
instance, using the films app in conjunction with the manual scratch depth method developed
herein to determine the bulk index of refraction of the coatings. This would be done using the
scratch depth (using the methods presented in Section 4.6), and a lower magnification films app
scan near the scratch, and then changing the index of refraction setting in the films app until the

reported coating depths match.
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Chapter 5: Roughness and Contact Angle Study

5.1 Purpose and Chapter Overview

Understanding implant roughness and its relation to implant surface hydrophobicity are
key implant design criteria. Aqueous contact angle measurements are a useful way to measure
surface hydrophilicity. However, effects of surface composition on contact angle are often
confounded by concomitant changes in surface roughness. It is therefore desirable to be able to
non-destructively measure roughness of samples prior to performing contact angle tests.

Using the measurement methods developed in the previous chapter, effort was taken to
elucidate possible correlations between surface roughness and contact angle. Scanning white
light interferometry (SWLI) was used to measure the surface roughness of DOPS coatings on
TigAl4V samples with varying concentrations of cholesterol. The roughness measurements of the

DOPS coatings were then compared to aqueous contact angle measurements.

5.2 Chapter Goals and Objectives

The purpose of this chapter is to characterize the roughness of e-sprayed DOPS and
DOPS-cholesterol coatings using SWLI, measure the aqueous contact angle of the same
coatings, and then compare the results in order to elucidate effects from composition and/or
roughness on coating hydrophilicity.

A secondary goal is to determine whether it is helpful or necessary to polish TigAlV
substrates prior to coating in order to increase the statistical power. The chapter hypotheses and

specific aims are listed below.
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Hypothesis 5.1: Coating contact angle measurements will negatively correlate with

coating roughness due to an increase in surface roughness in DOPS only coatings.

Specific Aim 5.1-1: Measure coating surface roughness using SWLI.

Specific Aim 5.1-2: Measure the aqueous contact angle of coating surface with a
goniometer, and look for possible correlations between these and the roughness measurements.

Hypothesis 5.2: Coating morphology (specifically surface roughness) will be the primary

reason for contact angle changes between coating compositions. That is, increased roughness
resulting from the addition of cholesterol in the coatings will result in decreasing contact angle of
the DOPS:cholesterol coatings, even though cholesterol is hydrophobic and results in high
contact angles when used by itself.

Specific Aim 5.2-1: Compare coating roughness (as measured using SWLI) with aqueous
contact angles for coatings with various concentrations of cholesterol in the coatings.

Hypothesis 5.3: The coating roughness and morphology measured by SWLI will be

more consistent on polished TigAl,V substrates compared to as-machined substrates, and will
increase the statistical power for studies of DOPS and cholesterol coatings.
Specific Aim 5.3-1: Measure the coating surface roughness of samples that were

polished prior to coating, and compare the variance and power to un-polished samples.

5.3 Roughness and Contact Angle Study

Building on the methods developed in the previous chapter, work was then done to look
at the surface roughness and aqueous contact angle of the coatings. The purpose of this study
was to elucidate possible correlations and interactions between the coating roughness and

measured contact angles. Particular interest was paid to the elucidation of the cause of changes in
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contact angle, whether it be from differences in the chemical nature of the coating (i.e.
hydrophobic vs. hydrophilic characteristics) versus morphology based changes (i.e. from

increased roughness and surface energy of the coatings).

5.3.1 Materials and Methods

Sample Preparation

As outlined previously in Section 4.3, samples were prepared, cleaned, calcium treated,
and passivated as detailed in Appendix A, Protocol A through Protocol D. DOPS coatings were
applied to as-machined, cleaned, and passivated TigAl,V samples using the e-spray deposition
method. Briefly, a 1.3% (vol%) DOPS in chloroform solution was e-sprayed onto cleaned and
passivated 7.5x7.5mm TigAl,V samples. The voltage differential used was 12 kV with a pump
rate of 14 mL/hr and with an 8 cm working distance. These parameters were chosen to provide a
final coating density of 1 mg of DOPS per cm? of sample.

The DOPS coated samples were prepared with varying concentrations of cholesterol
incorporated into the coating. Molecular ratios of DOPS to cholesterol used for the coating

groups were as follows; 100% DOPS, 24:1 (DOPS:cholesterol), 12:1, 6:1, and 1:1.
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Table 5-1 Sample treatment groups and the percentage of DOPS contained within each group.

S 5=
53 /a8
o D > &
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I & § o
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v O Q Q
Treatment Groups aQ
100% DOPS 100.0 100
24:1 DOPS:chol 96.0 98.0
12:1 DOPS:chol 92.3 96.2
6:1 DOPS:chol 85.7 92.6
1:1 DOPS:chol 50.0 67.7
100% Cholesterol 0.0 0.0

As seen in Table 5-1, the sample groups prepared ranged from a pure DOPS coating, to a
pure cholesterol coating. Treatment groups with a combination of DOPS and cholesterol were in
the following molecular ratios of DOPS to cholesterol (DOPS:cholesterol); 24:1, 12:1, 6:1, and
1:1. The molecular weight of DOPS is 810.025 g/mol, and the molecular weight of cholesterol is
386.65 g/mol. The middle column in Table 5-1 lists the percentage of DOPS molecules to the
total number of molecules in the coating, and the right column lists the percentage of weight that

the DOPS contributes to the total weight of the coating.
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Prior to coating with DOPS and cholesterol, the Ti6AI4V samples were pretreated in a
calcium (Ca) salt solution as outlined in Appendix A, Protocol C. As controls, some of the
groups were repeated without the calcium pretreatment. These non-calcium controls included a

DOPS, 12:1, and 1:1 treatment groups.

Statistical Analysis

Statistical analysis was performed using a one-way ANOVA and a natural log transform.
An all pairwise multiple comparison procedure was used (Holm-Sidak method), with a
significance threshold of p < 0.05. The log transformed data passed normality tests (Shapiro—
Wilk test), but had unequal variances between treatment groups (due to differences in the types

of variance between coating compositions).

Contact Angle Measurements

Agueous contact angle measurements were used to determine coating hydrophilicity.
Contact angle results were taken with a Kriiss DSA 10 goniometer (KRUSS GmbH, Hamburg)
using 2 pL droplets of de-ionized water. The contact angle of the droplet was measured 5
seconds after initial contact with the coating. Six samples per treatment group were measured,

with one contact angle measurement taken per sample.

Statistical Analysis

Statistical analysis was performed using a one-way ANOVA and a natural log transform
of the data. An all pairwise multiple comparison procedure was used (Holm-Sidak method), with
a significance threshold of p < 0.05. The log transformed data passed both normality (Shapiro—

Wilk test) and equal variance tests. For the Pearson correlation test, the contact angle

86



measurements were averaged for each treatment group, and then correlated to the each group’s
average roughness measurement. This was repeated for both the SRa and SRz roughness

parameters.

Roughness Measurements Using SWLI

Roughness was measured using the methods outlined previously in Section 4.5.2. Briefly,
a 100X objective and 0.5X zoom was used in the SWLI to measure the SRa and SRz surface
roughness parameters. A 100X objective was used to capture a 140x110 pum field of view with a
lateral pixel resolution of 0.22 um. A composite stitch of 35 of these capture frames was used to
analyze SRa and SRz in an area of 0.5x0.5 mm. A low pass noise filter was used along with data
fill in the analysis of the composite stitch area.

On each coated sample, three 0.5x0.5 mm composite stitched SWLI capture areas were
analyzed. Six samples per treatment group were measured. The underlying manufacturing marks
were oriented East to West, and the composite capture areas were taken in the center of the

sample, 2 mm north of center, and 2 mm south of the center.
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5.3.2 Results

Roughness Results from SWLI

See Figure 5-1 for SWLI measured roughness results.

Coating Surface Roughness
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Figure 5-1 SWLI measured coating roughness of DOPS and cholesterol coatings. Error bars
represent the standard error of the mean. Statistical significance between groups for SRa is indicated with
horizontal bars and asterisks. N = 6 for all groups, and each coated sample was tested in 3 locations.

As seen in Figure 5-1, the cholesterol group (SRa mean = 2.23 um and SRz mean = 12.32
pum) was significantly rougher for SRa than all of the other groups, and SRz roughness was
significant compared to all but the 1:1 (no Ca) and 12:1 (no Ca) treatment groups.

The roughest DOPS containing treatment group was the 1:1 DOPS:cholesterol group
(SRa mean = 1.607 um and SRz mean = 9.08 um), which was significantly rougher than the
DOPS (no Ca), 24:1, and 6:1 treatment groups.

The least rough treatment was the plain DOPS without calcium group (SRa mean = 0.743

pum, SRz mean = 4.56 pum), which was significantly less rough than the 12:1 (no Ca) group in
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both SRa and SRz, and was significantly less rough than the 12:1, 6:1, and 1:1 groups in SRz.
The DOPS (with Ca) group was significantly more rough than the DOPS (no Ca) and 24:1
groups.

The overall observed trend was an increase in surface roughness (both SRa and SRz) with
increasing concentration of cholesterol. Results indicate that excluding the calcium pretreatment
tended to increase the surface roughness in the DOPS and cholesterol coatings (the 12:1 and 1:1
groups), while decreasing the roughness in the DOPS-only coating. However, the changes due to

the addition of the calcium treatment were only significant in the DOPS group.

Contact Angle Results

Contact Angle Measurements
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Figure 5-2 Contact angle measurements for the DOPS coated samples. Error bars represent the
standard error of the mean. N = 6 for all groups (except for uncoated titanium where N = 2).

The contact angle measurement results can be found in Figure 5-2. The cholesterol group
had a significantly higher contact angle than all of the DOPS and cholesterol treatment groups

with the exception of the 24:1 group. All of the DOPS containing samples exhibited relatively
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low contact angles, below about 20 degrees. For reference, two contact angle measurements were
taken on uncoated TigAl;V (far left column in Figure 5-2, mean = 69.5 degrees).

The contact angles were lowest (i.e., the surfaces were most hydrophilic) in the 1:1
DOPS-cholesterol group (mean = 10.8 degrees). The observed trend was decreasing contact
angle with increasing amount of cholesterol in the coatings, though this decrease was not

statistically significant.

Correlation Between Coating Roughness And Contact Angle

The contact angle and roughness results for just the DOPS:cholesterol coatings can be

found in Figure 5-3 and Figure 5-4, respectively.

Contact Angle Measurements
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o

Contact Angle (degrees)
>

Figure 5-3 Contact angle measurements for the DOPS coated samples. Error bars represent the
standard error of the mean, N = 6 for all groups.

As seen in Figure 5-3, there were no statistically significant differences between the

DOPS:cholesterol treatment groups for contact angle.
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Coating Surface Roughness

241D:C 12:1D:C 12:1 D:C no-Ca 61 D:C 1:1DC 1:1D:C no-Ca

Figure 5-4 SWLI measured coating roughness of DOPS and cholesterol coatings. Error bars
represent the standard error of the mean. Statistical significance between groups is indicated with horizontal
bars and asterisks. N = 6 for all groups, each sample was tested in 3 locations.

As seen in Figure 5-4 and discussed prior (above in Section 5.3.2), the 1:1 (no Ca) group

was significantly more rough in SRa and SRz than the 24:1 and 6:1 groups.
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Contact Angle vs. Roughness for DOPS and Cholesterol Groups
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Figure 5-5 Scatter plot of the roughness values vs. contact angle for DOPS and cholesterol groups
(the 24:1,12:1, 12:1 no-Ca, 6:1, 1:1 and 1:1 no-Ca compositions).

A graph of the SRa and SRz roughness (see Figure 5-4) and contact angles (see Figure
5-3) are plotted against each other in Figure 5-5, with roughness on the y axis, and contact angle
on the x axis.

A Pearson correlation of the means was significant for the SRa roughness parameter and
the contact angle (correlation coefficient = -0.873 with p = 0.0231). As coating roughness
decreased, contact angle also decreased (hydrophilicity increased). For the SRz roughness vs.
contact angle, the Pearson correlation of the means was a trend, but not significant (correlation

coefficient =-0.793 with p = 0.060).

5.3.3 Discussion

Biological responses to surfaces are sensitive to many traits, and surface hydrophilicity is

an important characteristic. Contact angle is a useful measure of overall hydrophilicity, and
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adding the measurement of surface roughness is essential in order to decouple
hydrophilic/hydrophobic effects from chemical composition and/or surface morphology.

Within the DOPS containing coatings, the roughness increased with increasing
cholesterol. The contact angle decreased with increasing cholesterol. Given observed decreases
in contact angle with increasing surface roughness [150], this suggests that the coating
hydrophilicity was primarily a function of coating roughness in these DOPS coatings, as opposed
to being primarily driven by aqueous exposure to differing chemical moieties at the surface.

Both the contact angle and the roughness measurements were greatest in the pure
cholesterol group, suggesting a different fundamental structure and mode of action for contact
angle compared to the DOPS containing groups. The pure cholesterol group had a markedly
increased contact angle, with much lower hydrophilicity than the next closest compositional
groups (the 1:1 DOPS:cholesterol groups). This drastic change indicates that at some
concentration, the hydrophilicity of the surface changes to a chemically driven property. That is,
at a high enough concentration of cholesterol, the coating becomes hydrophobic (as seen in the
100% cholesterol case). Given the apolar nature of the cholesterol compared to DOPS, it was
reasonable to expect that the contact angle would increase in coatings of only cholesterol. As the
polar DOPS molecule is added to the coatings, it is then able to attract water molecules. While
important to note, this contact angle-to-cholesterol content trend reversal in the pure cholesterol
case is not principally pertinent, as the DOPS containing coatings are the functionally relevant
coatings in the presented work.

The roughness and contact angle measurement averages for each treatment group were
used for the Pearson correlation test. This strategy was employed due to the large amount of

heterogeneity within the individual treatment groups (for both contact angle and roughness
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measurements), and because of the fact that one of the primary points of the test was to find out
whether contact angle changes happened over increasing concentrations of cholesterol.

The addition of calcium in the 12:1 and 1:1 groups did not have a statistically significant
effect on the roughness or contact angle measurements. This is likely due to the fact that the
calcium was added only as a substrate pretreatment, and did not have time or ability to
significantly alter the roughness or hydrophilicity of the coatings. Calcium has been shown in
previous work to increase coating retention and durability [17], and was therefore included as an
additional treatment parameter for three of the groups.

It is interesting that the 1:1 DOPS:cholesterol coating was significantly rougher than
several of the other compositions. It is likely that this is due to a microstructural change in the
coating, and may be due to a cholesterol crystalline phase separation that is taking place in the
coating. That is, the cholesterol may be supersaturating and dissociating from the DOPS

molecules and then forming a separate crystalline phase.

Substrate Roughness

As seen in Figure 5-1, the uncoated TigAlsV (far left columns) have a large amount of
inherent roughness. Some of the coated groups were only marginally rougher than the uncoated
substrates. This leads to the thought that removing substrate roughness may help isolate coating

deposition and composition effects.

5.3.4 Conclusion

These results point out that surface roughness, as measured by SWLLI, is strongly
correlated (correlation coefficient = -0.873 with p = 0.0231) with contact angle and indicates that

surface roughness appears to have more of an effect on contact angle than did coating
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composition within the range of DOPS and cholesterol coating compositions studied herein (24:1
to 1:1). Furthermore, SWLI was confirmed to be a helpful method for measuring surface
morphology and roughness, and proved useful for investigating effects from coating composition
on these DOPS implant coatings.

Additionally, it was concluded that higher statistical power may be achieved by polishing
the TigAl4V substrates prior to coating. Polishing is expected to reduce the contribution and

interference of the substrate on the coating’s morphology measurements.

5.4 Substrate Morphology Effects on SWLI Measurements of

DOPS Coatings

Prompted by the significant substrate roughness and high variance that was observed
within treatment groups in Section 5.3, an investigation into the possible benefits of polishing the
substrates prior to coating with DOPS and cholesterol was explored. This section addresses the
following Hypothesis.

Hypothesis 5.3: The coating roughness and morphology measured by SWLI will be

more consistent on polished TigAl,V substrates compared to as-machined substrates, and will
increase the statistical power for studies of DOPS and cholesterol coatings.
Specific Aim 5.3-1: Measure the coating surface roughness of samples that were

polished prior to coating, and compare the variance and power to un-polished samples.
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5.4.1 Methods

Materials

Samples were prepared as outlined previously in Sections 4.3 and 5.3.1. Briefly, DOPS
coatings were applied to as-machined TigAl,V samples using the e-spray deposition method.
Coating treatment groups were as follows: 100% DOPS, 24:1 (DOPS:cholesterol), 12:1, 6:1, and
1:1. A calcium salt solution pretreatment was applied to uncoated TigAl,V samples as outlined in

Appendix A: Protocol C.

Polished Ti6Al4V substrates

A second group of samples were polished prior to the other surface treatments (cleaning
and passivation) and coating deposition. A commercial histology grinder was used to mirror
polish [151] the TigAl,V samples. The detailed polishing procedure developed for the samples
can be found in Appendix A: Protocol E. The TisAl4V samples were mounted on a polymer
histology slide via the use of 3M double sided tape in a grid of 25-60 samples per sample and
then polished with progressively finer grit sandpapers. A 240 (or 320) grit paper was used first to
level all of the samples (5-60 minutes), then an 800 grit was used (until all 240 grit scratches are
removed, usually 10-30 minutes), then a 1,000 grit paper for 7 minutes, a 1200 grit for 7 minutes,
a 2500 grit for 7 minutes, and lastly a final polishing paper step for 8 minutes. Samples were

checked between each step to check that the deepest scratches from the prior step were removed.
SWLI

Measured SRa and SRz using methods outlined previously in Sections 4.5.2 and 5.3.1.
Briefly, a 100X objective with 0.5X zoom was used to measure the SRa and SRz surface

roughness parameters in a 35 frame composite stitch area of 0.5x0.5 mm size. On each coated
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sample, three composite stitch areas were analyzed, and six samples per treatment group were

measured.

5.4.2 Results

0|IIII|III1I|IIII|III2I|I

Figure 5-6 Photograph of uncoated TigAl,V samples; an as-machined unmodified sample (left) and a
polished, non-passivated sample (right).

A picture of an as-machined 7.5 x 7.5 mm TigAl,V substrate and a polished substrate can
be seen in Figure 5-6. The machining marks are clearly visible in the as machined sample, along
with random larger handling scratches. The polished sample exhibits a mirror finish that is free

of visible defects.
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Figure 5-7 Roughness of as-machined and polished TigAl,V samples. Error bars represent the
standard error of the mean. N = 6 for all groups.

As seen in Figure 5-7, the SRa roughness of uncoated TigAl,V substrates can be found in
an as machined state, and after the polishing procedure described in Section 5.4.1.The average
roughness decreased to about 10% of the its initial value in the un-polished state. The SRa
decreased from 0.712 pm to 0.0513 um, and the SRz decreased from 3.95 um to 0.432 um. Also
of importance, the variance decreased dramatically, from 38.4 nm to 2 nm for SRa and from

189.7 nm to 25.4 nm for SRz.
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Table 5-2 Measured SRa roughness means, standard deviations, and statistical power of coatings on
as-machined vs. polished TigAl4V substrates.

As-machined Polished
Mean Standard | Power for Mean Standard | Power for

Deviation | 10% change Deviation | 10% change
0 no Cal 1.539 0.777 12.3 0.930 0.276 20.4
100% DOPS with Cal 0.713 0.035 100 0.844 0.066 93.0
. . no Ca| 1.088 0.290 234 1.086 0.142 58.6
12:1 DOPS:Chol with Cal 1.276 0.291 22.9 1.057 0.135 60.3
. . no Ca|l 1.271 0.435 17.6 0.943 0.088 83.4
1:1 DOPS:Chol with Cal 1.603 0.141 87.2 0.972 0.181 37.0
Average Value| 1.248 0.328 451 0.972 0.148 58.8

As seen in Table 4-1, the treatment group average roughnesses are listed along with the
group standard deviations and statistical power. The statistical power (x) listed is for a desired
detection (p < 0.05) and for an expected 10% change in the mean of a group. The power was
calculated from only the center measurement point on each group (i.e., an N = 6 for the six
samples in a treatment, one measurement per sample).

All but two of the groups (the DOPS with Ca and 1:1 with Ca groups) had large increases
in power after the addition of the polishing step. If these two groups are excluded, the average
power per group increased from 20.8% to 55.7%, or a 268% increase. Averaged across all
groups, the power still increased from 45.1% to 58.8%. If a cutoff of 58% power is used, the
unpolished groups had two out of six groups pass, while the polished groups had four of six

groups pass.

5.4.3 Discussion

The nature of the DOPS and cholesterol e-sprayed coatings results in changing variance
across treatment groups (i.e., the variance of roughness measurements within a treatment group
was not consistent between groups). This is due to different compositions having differing

morphological structures and resultant differences in measured roughness variances. With the
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addition of a random substrate roughness, this made it difficult to deduce statistically significant
changes in coating roughness and morphology.

Due to the variance in treatment measurements, the statistical power of the e-sprayed
samples was deficient. As a rule of thumb, the statistical power in a study should aim to be 80%.
In the case of the DOPS coated samples, this was not met in the unpolished groups, with
statistical power below 30% for all but two groups. After polishing the TigAl,V substrates, the
coated samples decreased in variance and increased in power to around 60% for most of the
groups. Two of the groups had lower power (20% and 37%), and two of the groups had higher
power (83% and 93%). These resulting, post-polished, levels of power were deemed adequate for
the following work, and the polishing procedure was implemented henceforward.

It should be noted that while helpful for the subsequent study and optimization of coating
characterizations, the polishing process can be avoided once coating parameters have been
optimized. It is useful to have a controlled system for the exploration of microstructures and
surface morphology of the coatings, and the regular, repeating substrate machining marks
contributed significantly to the SWLI measurements due to their being on the same size scale as
the coating thickness and surface features. Once the machining marks and substrate roughness
were removed, it made differentiating compositions and treatments of DOPS and cholesterol
coating much easier. After optimizing the coatings with the knowledge gained in this controlled
system, it may then it may be desirable to purposefully include and/or induce substrate roughness

in order to further improve biological response and integration with the implant surface.
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5.4.4 Conclusion

A satisfactory solution for the problem of high sample to sample variance was found by
mirror polishing the TigAl,V substrates. The intrinsic variance of the coatings combined with the
conflicting substrate roughness led to the development and implementation of a polishing
treatment for the TigAl,V substrates. Polishing the substrate prior to coating with DOPS and
cholesterol decreased the standard deviation in the majority of the coated groups by half, which

consequently increased the statistical power to an average of 58.8% per treatment group.

5.5 Chapter Conclusions

Aqueous contact angles of e-sprayed DOPS and cholesterol coatings were found to
significantly correlate to the SWLI measured roughness. This leads to the conclusion that DOPS
coatings hydrophilic properties are largely morphologically driven, and that the addition of the
more apolar cholesterol is not playing a significant role in contact angles for the concentrations
used herein.

Low statistical power in the treatment groups and interference from substrate roughness
was addressed via the development and utilization of a polishing protocol. The polishing
procedure reduced surface roughness and associated variance. Mirror polishing the TigAl,V
substrates was found to dramatically increase the statistical power of the coated samples.
Polishing of the samples was therefore implemented from this point forward in the presented

work.
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5.5.1 Future Work

Future effort may be directed towards a further understanding of contact angle and
surface hydrophilicity in the presence of biologically relevant ionic and molecular species.
Agueous contact angle measurements are a standard technique for gaining information about
surface energy and fluid interactions, however, the primary use for these coatings will be in
biological environments and it would therefore be useful to gain an increased knowledge of
coating surface interactions with biological fluids.

After understanding is expanded about the coating compositions and structures, it may be
useful to transition to rough and/or porous substrates. While it is helpful to polish substrates in
order to isolate and analyze coating morphology and microstructural differences, future effort
may take place on purposefully roughened and or porous substrates after the coating

optimization has taken place on smooth substrates.
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Chapter 6: Analysis of Effects from the Addition of Calcium
and Cholesterol to the DOPS Coatings

6.1 Purpose

The purpose of this chapter is to study changes to the properties and/or structure of DOPS
coatings when adding a calcium pretreatment or incorporating cholesterol into the coatings. In
particular, attention will be paid to the effects that adding calcium and cholesterol may have on
the hardness and roughness of the coatings. DOPS is a well-known calcium binding molecule,
calcium binds the negatively charged DOPS head groups [152], [153] and often acts to dehydrate
DOPS structures [97]. Cholesterol is an important biomolecule that plays both a structural and
regulatory role in biomembranes [100]. Cholesterol preferentially resides within cell membranes
and plays a vital role in the regulation of membrane rigidity [101], [102].

Previous work has used both calcium and cholesterol to enhance the durability of the
DOPS coatings, as well as for the modification of drug release rates from the coating [17].
Adding calcium to phospholipid (DOPS) systems has been shown to bind the lipid head groups
of DOPS molecules [5], [96] and previous work has already shown its utility in controlling
elution rates for use in implant coatings [17]. However, it remains to be seen if the addition of a
calcium substrate pretreatment has a significant effect on the surface morphology, thickness or
hardness of DOPS coatings.

Cholesterol has been used for similar purposes as calcium in previous work, but instead
of being used as a substrate pretreatment, the cholesterol was mixed directly into the coatings in
order to provide further structural reinforcement of the implant coatings [17]. Little has been

done to understand the specific effects that cholesterol has on the microstructural and

103



morphological nature of the DOPS implant coatings. This work aims to elucidate effects from
adding cholesterol through the use of scanning white light interferometry, differential scanning
calorimetry, and nanoindentation.

Hypothesis 6.1: Adding a calcium solution pretreatment to the substrate will not have a

significant impact on the coatings’ thickness or surface roughness due to the localized effects of
the calcium near the substrate surface.

Specific Aim 6.1-1: Use SWLI to measure the thickness of DOPS coatings with and
without a calcium pretreatment.

Specific Aim 6.1-2: Use SWLI to measure roughness of DOPS coatings with and without
a calcium pretreatment.

Hypothesis 6.2: Adding a calcium pretreatment will harden the DOPS coatings due to a

binding of the phospholipid headgroup in the presence of calcium.
Specific Aim 6.2-1: Use nanoindentation to measure the universal hardness of DOPS
coatings with and without inclusion of a calcium substrate pretreatment.

Hypothesis 6.3: DOPS coatings will increase in roughness with increasing cholesterol

content due to a higher surface energy from the binding and entanglement of cholesterol in the
DOPS.

Specific Aim 6.3-1: Use SWLI to measure the roughness of DOPS coatings with varying
concentrations of cholesterol added to the coating.

Hypothesis 6.4: Increasing the amount of cholesterol in the coatings will harden the

DOPS coatings due to cholesterol dispersing in the lipid system and stiffening the lamellar

DOPS structure.
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Specific Aim 6.4-1: Use nanoindentation to measure universal hardness of DOPS
coatings with varying concentrations of cholesterol added to the coating.

Specific Aim 6.4-2: Use differential scanning calorimetry to measure the heat flow of
DOPS coatings with varying concentrations of cholesterol added to the coating.

Specific Aim 6.4-3: Use glancing angle X-ray diffraction to measure the diffraction

patterns of DOPS coatings with varying concentrations of cholesterol added to the coating.

6.2 Experimental Methods

6.2.1 Materials

Samples were polished, cleaned, passivated and prepared as described previously in
Sections 4.3 and 5.4.1. Briefly, 7.5x7.5 mm TigAl,V sheet metal samples were coated with
phosphatidylserine (DOPS) purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama) [59]
and Cholesterol (CAS# 57-88-5) obtained from Alfa-Aesar (Ward Hill, MA) [144], and mixed with

with chloroform prior to e-spraying.

6.2.2 Sample Preparation

Samples were thoroughly cleaned and passivated as described previously in Section 4.3
and according to Appendix A: Protocol A - Titanium Square Sample Preparation and Protocol D
- Titanium Passivation. Prior to coating with DOPS and cholesterol, some of the Ti6Al4V

samples were pretreated in a calcium (Ca) salt solution as outlined in Appendix A: Protocol C.

Electro-Spray Coating Process

Coatings were applied to the TigAl,V samples using an electro-spray process (see

Sections 2.4.3 and 4.3). A 1.3% (vol%) DOPS in chloroform solution was e-sprayed onto
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cleaned and passivated 7.5x7.5mm TigAl,V samples. The voltage differential used was 12 kV
with a pump rate of 14 mL/hr (or 3.89 uL/sec) and with an 8 cm working distance. Ten TigAl,V
substrates were E-sprayed at a time, with a spray time of 44.6 seconds per coat, with two coats
applied with a short pause (about 2 minutes) between coats. These parameters were chosen to
provide a final coating density of 1 mg of DOPS per cm? of sample. This equated to a total of
347 pL of solution per sample, or 0.563 mg of DOPS on each sample. Some DOPS and
cholesterol groups were sprayed eight samples at a time with all spray parameters kept the same
except that the time of spray was varied such that the total amount sprayed per samples remained

constant.

Incorporation of Cholesterol in the Coatings

Coatings that included cholesterol were e-sprayed similar to the DOPS samples, but with
the addition of cholesterol into the 20mM DOPS-chloroform solution. The resulting DOPS-
cholesterol-chloroform solution was then e-sprayed onto the TigAl4V substrates as outlined
above.

The DOPS:cholesterol coated samples were prepared with varying concentrations of
cholesterol at the following molecular ratios of DOPS to cholesterol: 100% DOPS, 12:1
(DOPS:cholesterol), and 1:1. This resulted in solutions that maintained a 20mM DOPS
concentration, and added a 0.0mM, 1.667mM, and 20mM cholesterol concentration (for the
100% DOPS, 12:1, and 1:1 groups respectively). See Table 5-1 for the amount of DOPS and
cholesterol contained within the sample treatment groups on a percentage basis of the total mass

in the coating.
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Drying DOPS and Cholesterol Samples

After e-spraying, the coated samples were dried under a vacuum in a desiccator for at

least 48 hours prior to analysis.

Preparation of DOPS:cholesterol DSC samples

Differential Scanning Calorimetry (DSC) sample pans were coated using an aerosol spray
deposition method. An overview of the aerosol spray deposition method can be found in
Appendix B: Atomizing Nozzle Spray Deposition Methodology Development. Two
DOPS:cholesterol treatment groups were tested. A 20mM DOPS in chloroform solution was
used for both groups, with cholesterol being added at a 12:1 (DOPS:cholesterol) and 1:1
molecular ratio (resulting in 1.667 mM and 20 mM cholesterol concentrations, respectively).
2mL of solution was sprayed onto 3 DSC pans for the 1:1 group, and 2.66 mL of solution
sprayed onto 2 pans for the 12:1 treatment group. The coated pans were then left to dry under

vacuum in a desiccator for at least 72 hours prior to testing with the DSC.

6.2.3 Scanning White Light Interferometry

Quantitative Measurement of Coating Morphology

Scanning White Light Interferometry (SWLI) was used to measure SRa and SRz as
outlined previously in Sections 4.5.2 and 5.3.1. Briefly, a 100X objective with 0.5X zoom was
used to measure the SRa and SRz surface roughness parameters in a 35 frame composite stitch
area of 0.5x0.5 mm size. Each sample was tested once in the center of the sample. A custom

script that allowed the capture and combination of a dual light level scan was utilized as needed.
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Measurement of Film Thickness

Each sample’s coating was scratched and measured for thickness using SWLI as outlined
in Section 4.6.2. Briefly, prior to measuring with SWLI, a metal pick/awl was used to create a
scratch through the sample coating and a custom mask and set of scripts in the MetroPro
software was then used measure the lowest point in the scratch at 5 cross sectional areas within
the composite stitch’s field of view. These five depths were then averaged to determine the

thickness of that particular sample.

Statistical Analysis

All data measured by SWLI was analyzed using the Proc Mixed procedure in SAS and
was modeled as a 2 way factorial ANOVA model unless noted otherwise. The 2 fixed effects
modeled were the composition (DOPS, 12:1 or 1:1) and the presence of calcium (yes or no). Up
to 2 way interactions were allowed in the first pass of the model. All treatments had non-
significant 2 way interactions (at a p = 0.05 threshold) and were subsequently analyzed by
dropping interaction effects from the model. This left an analysis of the main effects only

(composition and calcium).

6.2.4 Nano Indentation

The XP head on a Nanoindenter G200 (Agilent Technologies, Inc., Santa Clara, CA) was
used for indentation. A standard Berkovich tip was utilized to indent the coated samples to a
maximum load of 20 uN with a ramp time of 5 seconds, followed by a 120 second hold at the 20
uN force, followed with an unload over 5 seconds. Surface detection prior to indents was
performed using the very sensitive approach parameter (50 N/m stiffness). Samples were tested

at room temperature and in atmospheric conditions.
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Prior to indentation, the sample coating thicknesses were measured with SWLI using the
methods previously detailed in Section 4.6.2. All sample coatings were at least 3 um in
thickness. This knowledge led to the use of the 20 uN max force during indentation. In order to
avoid the material properties of the substrate contributing to the indentation measurements, the
maximum indent depth needs to be 10% or less of the coating thickness [154]. The 20 pN force
was found to indent to a depth of approximately 250 um or less into the coatings, and was
therefore used as the maximum indent load for subsequent testing.

Four treatment groups were prepared, a pure DOPS e-sprayed coating (Section 6.2.2),
and a DOPS coating where the substrate was first calcium pretreated (Appendix A: Protocol C),
a 12:1 (DOPS:cholesterol) group without the calcium treatment, and a 1:1 (DOPS:cholesterol)
group also without the calcium treatment. Four samples for each group were sprayed, both of the
DOPS groups were sprayed at one time (eight samples), and the cholesterol groups were sprayed
separately in groups of four. Nanoindentation tests were performed on 4 samples at a time (one
from each treatment group). The testing was performed overnight and the testing order for the 4
samples was randomized. 20 indents were performed on each sample, for a total of 80 indents
(across 4 samples) for each treatment group.

Due to sample roughness, some of the indents failed within the 20-indent arrays. Any
indents that failed to record data or were obviously misshapen (e.g. that visibly broke through
local surface asperities or high points on the surface) were removed from the data set (8.1% of
the indents). Some of the indents were much harder than the other indents and were removed
from the data set if they were more than 5 standard deviations from the rest of the indents (1.9%
of the indents). These were likely due to indents performed at deep local surface depressions, or

from contaminants on the surface.
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Universal Hardness

The universal hardness was computed for each nanoindentation curve. Universal
hardness is a function of the maximum indentation depth and the applied load and is computed as

seen in Equation 6-1.

Equation 6-1 Universal Hardness for Nanoindentation

P
Hy = Ap(he)

In Equation 6-1, Hy, is the universal hardness (Pa), P is the maximum indentation load
applied to the sample (N), and the denominator is an area function, where, A, is a tip function
constant, and hc is the maximum indentation depth (m). In the case of the standard Berkovich tip,

A, = 26.43 [137]-[139].

Statistical Analysis

Statistical analysis was performed using SAS. Studentized residuals were plotted for each
of the treatment groups, and a log transform was selected as it provided the best approximation
of normal data with equal variances. The raw, non-transformed data did not pass an equal
variance test. The statistical model included the treatment group and testing order as fixed

effects, and the day the test was performed on as a random (block) effect.

6.2.5 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) sample pans were coated using an aerosol
spray deposition method. An overview of the aerosol spray deposition method can be found in
Appendix B: Atomizing Nozzle Spray Deposition Methodology Development. Two

DOPS:cholesterol treatment groups were tested. A 20mM DOPS in chloroform solution was
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used for both groups, with cholesterol being added at a 12:1 (DOPS:cholesterol) and 1:1
molecular ratio (resulting in 1.667 mM and 20 mM cholesterol concentrations, respectively).
2mL of solution was sprayed onto 3 DSC pans for the 1:1 group, and 2.66 mL of solution
sprayed onto 2 pans for the 12:1 treatment group. The coated pans were then left to dry under
vacuum in a desiccator for at least 72 hours prior to testing with the DSC.

A DSC 2920 Modulated DSC (TA Instruments, New Castle, DE) was used to analyze the
phase transition of the DOPS and cholesterol coatings between 0 and 100C. A 2° C/min ramp
rate was used to cycle the DSC sample from room temperature (24° C) to 100° C and back twice
(i.e., two heating and two cooling ramps). The sample was then cooled all the way to 0° C, after
which it was cycled up to 100° C and down to 0° C twice (for a complete total of 4 heating
cycles, and 4 cooling cycles). 1 sample was tested for each treatment group at each time point.

The reason for choosing 8 heating and cooling cycles is due to the possible dehydration
of the monohydrate cholesterol phase into the anhydrous phase. It has been noted that at least
two high temperature heating cycles (above 86° C) needs to be performed in order to ensure that
all monohydrate cholesterol crystals have dehydrated to the anhydrous form [100]. The
anhydrous crystalline form is then measureable by DSC from its polymorphic phase transitions

at approximately 37° C and 20° C (during heating and cooling, respectively).

6.3 Addition of a Calcium Pretreatment

6.3.1 Results

The results for the studies on DOPS coatings that either included or did not include a

calcium pretreatment to the TigAl,V substrate are presented in the following sections.
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Scanning White Light Interferometry

Coating Surface Morphology

The roughness of DOPS coatings with and without a calcium substrate pretreatment can
be seen in Figure 6-1. The blue bars represent the SRa surface roughness, and the green bars

represent the SRz roughness. 12 samples were measured for each treatment group.
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Figure 6-1 SWLI measured SRa and SRz surface roughness of DOPS coatings with and without the
addition of a calcium pretreatment to the substrate. Error bars represent the standard error of the mean. N =
12 for all groups.

As seen in Figure 6-1, there was little difference in surface roughness between the DOPS
(no calcium) and DOPS with calcium groups. Both SRa and SRz roughness measurements were

not statistically significantly different (p = 0.305 and p = 0.511 for SRa and SRz respectively).
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Coating Thickness

The thickness of DOPS coatings with or without the addition of calcium substrate

pretreatment can be found in Figure 6-2. 12 samples were measured for each treatment group.
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Figure 6-2 Coating thickness as measured by SWLI of DOPS coatings with and without the addition
of a calcium pretreatment to the substrate. Error bars represent the standard error of the mean. N = 12 for
both groups.

As seen in Figure 6-2, the coating thickness was similar in both groups; with the average
thickness of the non-calcium treated group being 4.31 £0.933 um and the calcium treatment
group was 5.94 +1.016 pum. There was not a statistically significant difference between the
groups (p = 0.237). Due to a non-normal distribution of data, statistical analysis was done as a

Mann-Whitney rank sum test.
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Nanoindentation

A representative nanoindentation load displacement curve can be found in Figure 6-3.

This particular nanoindentation curve was for a plain DOPS sample.
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Figure 6-3 Representative nanoindentation load displacement curve for DOPS (no calcium) coated
titanium sample.

Nanoindentation curves for all treatment groups had a similar shape to the load
displacement curve in Figure 6-3. As can be seen in Figure 6-3, the nanoindenter had difficulty
keeping the small holding load of 20 uN constant, as indicated by the downward drift in the hold
region. The universal hardness results for the DOPS coatings were then compiled as found in

Figure 6-4. Four samples were measured for each treatment group, with 20 indents performed on

each sample.
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Figure 6-4 Universal hardness results from nanoindentation for E-Sprayed DOPS coatings without
and with the calcium substrate pre-treatment. Error bars represent the standard error of the mean. N =4 for
both groups, with 20 indents per sample.

As seen in Figure 6-4, universal hardness results were similar for the two treatment
groups. There was no significant (p = 0.1787) difference between the treatment groups. The
average hardness of the groups was as follows: 17.63 £1.646 MPa for DOPS, 18.33 £2.19 MPa

for the non-calcium containing DOPS group.

6.3.2 Discussion

Scanning White Light Interferometry

The methods developed in the prior chapters for measuring surface morphology and
roughness of the DOPS coatings using SWLI worked well. The DOPS and DOPS with calcium
coatings were of similar roughness, both in the SRa and SRz roughness parameters.

Significant differences for surface roughness were not evident between the plain DOPS
and DOPS with calcium pretreatment. The lack of detectible differences in roughness is likely

due to the calcium treatments effects being localized to the substrate, as the calcium solution was
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applied only to the substrate (and prior to coating with DOPS). It is possible that there are
changes in the order and microstructure near the substrate surface within the coating in the
calcium treated samples, but these effects were not propagated to the surface in a measurable
way, likely due in part to the high roughness (> 0.8 for both SRa and SRz) and variability of the

native coatings.

Nanoindentation

Nanoindentation effectively measured the average surface hardness of the coatings. There
was not a significant difference in hardness in the DOPS vs. DOPS with calcium samples. As
with the surface roughness, this is most likely due to any calcium effects on the hardness being
localized to near the TigAl4V substrate. The fact that there were no significant differences in
hardness in the DOPS coatings with calcium indicates that there may be a negligible long range
change in coating morphology that would significantly affect the stiffness of the coatings and/or
that the calcium has not diffused into the bulk of the coating given the short time frames of
measurement here. Given the nanoindentation test primarily tests the mechanical properties at
and near the top surface of the coating, it minimizes the tests ability to detect any changes in the
bulk coating hardness that may be present.

It is probable that the calcium pretreatment does indeed act to increase the DOPS
structure’s hardness (as initially hypothesized). However, it is also likely that it would only be
measureable in the very near vicinity of the substrate’s surface due to limited diffusion of the
calcium molecules into the coating. Measuring these slight and near-substrate stiffening effects
would most likely prove to be very difficult using current technologies without significantly

disrupting the coating or changing their microstructural state in the process. As a reference, the
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measured hardness of these DOPS and cholesterol coatings (18 MPa) is on the same order of
other soft polymers like UHMWPE (34 MPa) [155], while orders of magnitude softer than

materials like PMMA (0.40 GPa) [136] and the enamel of bone (4 GPa) [156].

6.3.3 Conclusions

Scanning white light interferometry was an efficient way to measure the coating
roughness, and SWLI measurements did not detect significant changes in roughness in the DOPS
coatings with the addition of the calcium pretreatment. This may be explained by the limited
diffusion of calcium through the coating over the short manufacture to measurement timeframe.

Nanoindentation with a Berkovich tip and a high number of tests per group is an effective
way to test the hardness of these DOPS coatings, and the method outlined in this chapter
provided useful insights into the mechanical properties of the DOPS and cholesterol coatings.
Little to no mechanical characterization of bulk systems of pure DOPS systems have been done
before, and the coating’s universal hardness for both of the tested DOPS groups found here was
approximately 18 MPa. This compares similarly to other soft materials (such as UHMWPE at 34
MPa [155]), and is a useful reference for future efforts. There were no significant differences in
universal hardness from nanoindentation of the DOPS vs. the DOPS with calcium treatment.
This may be because the calcium has a negligible effect on the coatings, or it may be attributed
to the limited amount of diffusion of the calcium from the TigAl,V substrate, and the fact that the
nanoindentation test primarily measures the mechanical properties near the surface of the
coating. Even though it was not measured here, it is suspected that the calcium does indeed have
an effect, due to the positive role it played in coating retention in previous work (which had

longer time frames for diffusion) [17].
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The hypothesis (6.1) sought to find out whether the calcium pretreatment process has an
effect on coating thicknesses within a given treatment. This was not found to be the case, but the
SWLI thickness measurement method was able to detect thickness changes due to increasing
amounts of coating material (between the DOPS and DOPS+cholesterol groups). This confirms
that the thickness measurement method was effective at detecting changes, and that it did not
detect a change due to the calcium pretreatment process.

The lack of significant differences in the roughness results between the calcium and non-
calcium treated samples was as expected. This confirms our original hypotheses (6.1), that any
effect would be negligible. The fact that the hardness of the coatings (as measured by
nanoindentation) did not increase significantly with the inclusion of a calcium substrate
pretreatment is not surprising for the same reason. While the lack of increased hardness with the
inclusion of calcium was contrary to our initial hypothesis (6.2), it is explained via the same
argument derived from the roughness results, that any hardening effect is only measureable near
the substrate’s surface due to limited diffusion of the calcium molecules into the coating.
Regardless, the fact that the addition of the calcium pretreatment had no negative effects on
roughness and hardness confirms its continued value as a coating treatment given it has already

demonstrated its utility in controlling elution rates [17].
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6.4 Incorporation of Cholesterol into the Coatings

6.4.1 Results

Scanning White Light Interferometry

Coating Surface Morphology

The roughness of DOPS coatings with varying concentrations of cholesterol in the
coating is presented in Figure 6-5. The blue bars represent the SRa surface roughness, and the

green bars represent the SRz roughness. Twelve samples were measured for each treatment

group.
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Figure 6-5 SWLI measured SRa and SRz surface roughness of DOPS and DOPS:cholesterol
coatings. Error bars represent the standard error of the mean. Significance is indicated by letter groups; if
bars share a letter, they are not significantly different. N = 12 for all groups.

As seen in Figure 6-5, the roughness between groups peaked for each parameter in the
12:1 (DOPS:cholesterol) group. For the SRa roughness parameter, all groups were significantly
different. The 12:1 group was significantly higher than both the DOPS and 1:1 groups (p <

0.0001 and p = 0.0423 respectively). The 1:1 group was significantly rougher than the DOPS

group (p = 0.0071).
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For SRz, both the 12:1 and 1:1 groups were significantly rougher than the plain DOPS
group (p < 0.0001 and p = 0.0072 respectively). The 12:1 group was not significantly rougher

than the 1:1 group (p = 0.0639).

Coating Thickness

The coating thickness of DOPS coatings with varying concentrations of cholesterol in the

coating is presented Figure 6-6. Twelve samples were measured for each treatment group.
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Figure 6-6 SWLI measured coating thickness of DOPS and DOPS:cholesterol coatings. Error bars
represent the standard error of the mean. Significance is indicated by letter groups; if bars share a letter,
they are not significantly different. N = 12 for all groups.

As seen in Figure 6-6, the coating thickness steadily increased with increasing
concentration of cholesterol in the coating. The group averages were 4.31 £0.933 um (DOPS),
6.315 £0.631 pm (12:1), and 9.15 +0.433 um (1:1) for the different groups. Both the DOPS and
12:1 groups were significantly thinner than the 1:1 group (p <0.0001 and p = 0.0001

respectively). The 12:1 group was not significantly thicker than the DOPS group (p = 0.1237).

Nanoindentation

Nanoindentation curves for all treatment groups had a similar shape to the load
displacement curve in Figure 6-3. The universal hardness was computed for each
nanoindentation curve as outlined in Equation 6-1 and Section 6.3.1. The universal hardness

results for the DOPS and DOPS:cholesterol coatings were then compiled as found in Figure 6-7.
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Four samples were measured for each treatment group, with 20 indents performed on each

sample.

Nanoindentation
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Figure 6-7 Universal hardness results from nanoindentation for DOPS and cholesterol coatings.
Asterisk indicates significance at p=0.05 level, error bars represent the standard error of the mean. Asterisk
represents a significant difference compared to groups without an asterisk. N = 4 for all groups, with 20
indents per sample.

As seen in Figure 6-7, the universal hardness was significantly higher in the 12:1
treatment group (p = 0.0473 against the DOPS group, and p = 0.0070 against the 1:1 group).
There was no significant difference between the DOPS treatment and the 1:1 group (p = 0.6168).
The average hardness of the groups was as follows: 17.63 £1.646 MPa for DOPS, 25.3 £1.921
MPa for 12:1, and 18.78 £1.773 MPa for the 1:1 group. Statistical analysis was performed on the
log transformed data, as the raw data was not normally distributed.

Statistical analysis using other transformations of the raw data yielded similar results,
with the 12:1 group also being significantly harder than the other treatment groups. There was no

statistically significant difference in the variance between different treatment groups.
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Additionally, when analyzed as a separate factor, the testing order within a given overnight
nanoindentation session did not contribute a statistically significant effect to the universal
hardness results. That is, the treatment group tested first in the evening was not significantly
harder or softer than the treatments tested last in a given indentation session, across all of the

evenings tested.

Differential Scanning Calorimetry (DSC)

An example set of measured DSC curves can be found in Figure 6-8.
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Figure 6-8 DSC of 12:1 group. The top 4 curves are heating scans, and the bottom 4 are cooling
scans. Curves are displaced along the y axis for presentation. Scan rate was 2° C/min, exothermic peaks point
downward.

As seen in Figure 6-8, there were a total of 8 thermal scans that were run on each sample.
The first 3 cycles were between 24° C and 100° C, and the last 5 cycles were between 0° C and

100° C. The top 4 curves are heating scans, and the bottom 4 are cooling scans.

124



A full compilation of the printouts for the individual DSC scans for both compositions
and time points can be found in Appendix C: Differential Scanning Calorimetry Measurements
for DOPS and cholesterol coatings. The results of the 12:1 and 1:1 treatment group DSC scans

are compiled in Table 6-1.

Table 6-1 Summary of temperatures and heat of enthalpies associated with specific peaks from DSC
scans of the 12:1 and 1:1 DOPS:cholesterol groups. Heating scans are indicated by a light red background,
and cooling scans with a light blue background. Exothermic peaks have a negative sign preceding the
measurement.

12:1 Composition | 1:1 Compaosition
Peak 1 | Peak 2 Peak 1
Peak Temp (°C)|] 52.76 95.79 38.06
Cycle 1
. . Onset Temp (°C)] 40.26 87.8 36.03
(24-100°C)
Enthalpy (J/g)] 5.362 | 0.9478 0.3798
Peak Temp (°C) NA NA
Cycle 2 .
100-24°C Onset Temp (°C) MNA NA
(100-24°) Enthalpy (//g) NA NA
Peak Temp (°C) 06.36 04.98
Cycle 3 .
.. Onset Temp (°C) 02.66 92.2
(24-100°C)
Enthalpy (J/g) 0.3152 0.167
Peak Temp (°C) NA NA
Cycle 4 .
. Onset Temp (°C) NA NA
(100-0°C)
Enthalpy (J/g) NA NA
Peak Temp (°C) 06.29 33.73
Cycle 5 .
(0-100°C) Onset Temp (°C) 89.77 29.66
Enthalpy (J/g) 0.7671 1.033
Peak Temp (°C) NA -19.01
Cycle 6 .
. Onset Temp (°C) NA -23.4
(100-0°C)
Enthalpy (J/g) NA 0.9037
Peak Temp (°C) 96.26 33.43
Cycle 7 .
Dl Onset Temp (°C) 90.47 29.18
(0- ) Enthalpy (J/g) 0.6867 1.109
Peak Temp (°C) NA -201
Cycle 8 .
(100-0°C) Onset Temp (°C) MNA -24.15
Enthalpy (/g) NA 0.9746
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As seen in Table 6-1, none of the cooling scans had any significant peaks in the 12:1
group, and the first heating scan had a large, broad endothermic peak at 52.8° C. All of the
heating cycles had small endothermic peaks at 96° C.

In the 1:1 group, all of the peaks were at one of two primary locations, around 33° C
during the heating cycles, and at 20° C during the cooling cycles. During the heating cycles there
were endothermic peaks at 38° C (in cycle 1), and then at 33° C in cycles 5 and 6. During the
100-0° C cooling cycles (cycles 6 and 8) there were exothermic peaks at 20° C. There was also a
very sharp exothermic peak in the 2nd heating scan (cycle 3) at 98° C (data not tabulated) that
was interpreted as noise from the instrument’s liquid nitrogen controller (see Appendix C:

Differential Scanning Calorimetry Measurements for DOPS and cholesterol coatings).

6.4.2 Discussion

Scanning White Light Interferometry

Scanning white light interferometry worked well for the DOPS and cholesterol coatings
in this chapter, but it should be noted that the SWLI capture protocol was modified slightly as
needed for the cholesterol coated samples. The cholesterol samples tended to absorb and/or
diffract more light than the plain DOPS samples, leading to the use of dual light level scanning
with SWLI in order to maximize data fill in the scans.

Overall, the cholesterol samples were notably rougher than the non-cholesterol
containing samples. This roughness was evident by visual inspection as a more matte
appearance, during SWLI measurements as it often required a dual light level scan, and in the
resulting SRa and SRz measurements. In particular, the 1:1 samples were the most likely to

require a dual light level stitch.
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The thickness of the coatings increased for the samples that had cholesterol, as expected
due to the increased amount of material sprayed onto the substrates in these cholesterol
containing groups. Interestingly, the increase in thickness was not proportional to the increase in
mass of the coatings. The thickness of the cholesterol coatings were increased by a higher
percentage than the weight gain would have led one to expect. In the 1:1 case, the mass of the
coatings increased by 48% (from average of 0.563 mg per plain DOPS coating to 0.831 mg for
the 1:1 coating). And in the 12:1 case, the mass of the coatings increased by 3.98% (from
average of 0.563 mg per plain DOPS coating to 0.585 mg for the 12:1 coating). This is
contrasted with the coating thickness changes, which increased by 112% for the 1:1 coating and
46.6% for the 12:1 coating. This is interpreted as a result of a decreased density of the coatings
that included cholesterol, or due to an increased porosity of the coatings, both scenarios of which
confirm that cholesterol may be acting to disrupt, bind and/or entangle the intermolecular DOPS

bonding.

Nanoindentation

Nanoindentation Method development

Initial effort was taken to use a conical spherical shaped tip in order to better test the
viscous nature of the coatings, as the spherical tip reduces plastic deformation near the tip [157],
[158]. However, after further testing and method development, it was found that the surface
roughness of the coatings made testing with a spherical tip problematic. This was primarily
attributed to the very high level of surface roughness on the DOPS coatings. As a rule of thumb,
the maximum RMS surface roughness that is allowable for a nanoindentation test specimen

should be 10% or less of the indentation depth [154]. In the coatings tested herein, the maximum
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nanoindentation depths averaged a few hundred nanometers, and the coating roughness for the
coated samples were over 1 um RMS. A typical DOPS and cholesterol coating had even higher
levels of roughness. Drastically deeper indent depths were not possible, as the coatings were only
on the order of several microns in depth, and the maximum allowable testing depth is 20% of the
coating thickness in order to avoid substrate effects [154]. A 2D trace of the surface roughness

on a representative DOPS coating (as measured by SWLI) can be found in Figure 6-9.
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Figure 6-9 A 2D Surface profile of a DOPS coating, with a superimposed profile representing a 65um
spherical tip indenter.

As seen in Figure 6-9, the coating surface presents a significant inconstant for tip-surface
contact area for indent depths of several hundred nanometers or less. In order to overcome this
problem of high surface roughness, a sharp indenter tip was used to reduce the effect of local
surface asperities, and a large number of indents were performed in order to average the
measured hardness response of the surface.

The coatings proved to be soft and highly viscous, consequently limiting the amount of
analysis that the nanoindentation instrument was able to perform. The unload region of the
indentation curve is often used to measure the properties of the material [135]. However, the
DOPS and cholesterol coatings proved to be viscoplastic and rough enough to make analysis of

the unload region of the load displacement curve problematic. Additionally, the machine was not
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able to the constant low loads required for the nanoindentation test on the DOPS and cholesterol
coatings, as evidenced by the non-level hold region seen in Figure 6-3. Inspection of the coatings
with light microscopy post-indentation revealed that even the surface detection indent
approaches produced significant permanent plastic deformation in the coatings. This is notable,
as the indenter approached the surface slowly and at a very sensitive detection setting (the setting
was for surfaces of 50 N/m stiffness or less). Because of these coating qualities, a quick load
time was used in conjunction with analysis of only the loading region of the load displacement

curve.

Discussion of results for DOPS and Cholesterol Coatings

The nanoindentation universal hardness results were significantly higher for the 12:1
(DOPS:cholesterol) group. This is attributed to the ability of cholesterol to increase
intermolecular binding in lipid structures [159], similar to the mechanism that the body uses to
regulate membrane stiffness in vivo [53]. The 12:1 DOPS:cholesterol samples therefore stiffened
with the additional cholesterol that fully dispersed within the lipid structure.

It is also known that cholesterol has a limited solubility in phospholipid systems, after
which it supersaturates into a crystalline form, thereby interrupting the larger scale lamellar
microstructure of lipid bilayers [100]. This phenomena explains why the 1:1 group begins to lose
stiffness after a high level of cholesterol is added to the system. As the cholesterol supersaturates
and forms crystals, the microstructure of the lipid system is compromised, resulting in an overall
decrease in hardness as observed in the nanoindentation testing. In the 12:1 group, the bulk
mechanical properties appear to be driven primarily by dispersed cholesterol within the lipid

microstructure (that stiffens the system), while the 1:1 group’s cholesterol is supersaturated,
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forming membrane-interrupting crystals that soften the matrix. Any hardening that may have
taken place at the molecular scale in the 1:1 group’s lipid-cholesterol matrix due to dispersed
cholesterol is presumably offset by the overall weakening of the matrix that results from phase

separated cholesterol crystallites.

Differential Scanning Calorimetry

Differential scanning calorimetry is useful for determining the presence and quantity of
highly ordered regions of crystalline or crystalline like molecules. It was used here to determine
if there were peaks associated with phase separated cholesterol crystals in the DOPS coatings.
There was not an expectation of seeing peaks associated with the plain DOPS composition, as its
gel to liquid transition temperature (-11° C) and its complete melting temperature (150-157° C)
were outside the measured range [76].

While useful for determining the occurrence of cholesterol crystals, XRD techniques are
best combined with DSC in order to confirm the presence and type of crystalline cholesterol.
DSC is a valuable tool for detecting cholesterol crystallites within phospholipid systems [100],
[109] (and as discussed prior in Section While useful for determining the occurrence of
cholesterol crystals, XRD techniques are best combined with DSC in order to confirm the
presence and type of crystalline cholesterol. DSC is a valuable tool for detecting cholesterol
crystallites within phospholipid systems [100], [109] (and as discussed prior in Section 2.3.2).
DSC experiments at biologically relevant temperatures can detect a number of polymorphic
phase transitions for cholesterol. Of particular interest is the triclinic crystal form shift that
occurs while heating at about 37° C, from an 8 to a 16 molecule unit cell (see Section 2.3.2 for

more detail). This polymorphic phase shift also doubles the length of the a-axis of the unit cell
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[100], and has an associated enthalpy of transition of 0.81 +0.21 kcal/mol (or 3.39 +0.88 kJ/mol)
[76]. Upon cooling, a large hysteresis takes place, with the transformation back to the 8 unit cell
occurring at around 20-25° C [100]). DSC experiments at biologically relevant temperatures can
detect a number of polymorphic phase transitions for cholesterol. Of particular interest is the
triclinic crystal form shift that occurs while heating at about 37° C. This polymorphic phase shift
also doubles the length of the a-axis of the unit cell [100], and has an associated enthalpy of
transition of 0.81 +0.21 kcal/mol (or 3.39 £0.88 kJ/mol) [76]. Upon cooling, a large hysteresis
takes place, with the transformation back to the 8 unit cell occurring at around 20-25° C [100].
Also of interest are the dehydration transitions of the monohydrate form of cholesterol at
approximately 86° C and 95° C [100], [109]. Due to these high temperature dehydration peaks, it
is useful to cycle the temperature to 100° C twice before cooling below 20° C in order to convert
and monohydrate crystal that may be present into the anhydrous form. The anhydrous form is
much more stable than the monohydrate form, and any converted monohydrate crystal usually
takes days to weeks to reform into the monohydrate form [109]. Therefore, any peaks associated
with the dehydration of the monohydrate crystal above 80° C will only appear during the first
one or two heating cycles, after which it will be converted to the more stable anhydrous
form.Also of interest are the dehydration transitions of the monohydrate form of cholesterol at
approximately 86° C and 95° C [100], [109]. Due to these high temperature dehydration peaks, it
is useful to cycle the temperature to 100° C twice before cooling below 20° C in order to convert
and monohydrate crystal that may be present into the anhydrous form. The anhydrous form is
much more stable than the monohydrate form, and any converted monohydrate crystal takes days

to weeks to reform into the monohydrate form [109]. Therefore, any peaks associated with the
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dehydration of the monohydrate crystal above 80° C will only appear during the first one or two

heating cycles, after which it will be converted to the more stable anhydrous form.

12:1 Composition Group

For the 12:1 group, there were very few discernible peaks in any of the heating and
cooling scans. There was a relatively large and broad peak occurring only in the first heating
scan at 52.8° C (with an enthalpy of 5.36 J/g), and smaller endothermic peaks at about 96° C
(enthalpies of 0.315-0.948 J/g) in all of the heating scans. The 96° C endothermic transitions are
interpreted as being possibly associated with a water phase transition in the sample, as it would
also be an endothermic peak. Additionally, this is proposed as it appears in each of the heating
cycles, unlike the 96° C peak associated with a monohydrate cholesterol crystal dehydration
which would only appear in the first 1 or 2 cycles [109]. Furthermore, the peaks reported in the
literature associated with the monohydrate cholesterol crystal dehydration that are in the 96° C
region have sharp, narrow profiles, unlike the ones seen in the 12:1 group [109]. For the 12:1
group, there were very few discernible peaks in any of the heating and cooling scans. There was
a relatively large and broad peak occurring only in the first heating scan at 52.8° C (with an
enthalpy of 5.36 J/g), and smaller peaks at about 96° C (enthalpies of 0.315-0.948 J/g) in all of
the heating scans. The 96° C transitions are interpreted as being possibly associated with a water
phase transition in the sample. This is proposed as it appears in each of the heating cycles, unlike
the 96° C peak associated with a monohydrate cholesterol crystal dehydration which would only
appear in the first 1 or 2 cycles [109]. Furthermore, the peaks reported in the literature associated
with the monohydrate cholesterol crystal dehydration have sharp, narrow profiles, unlike the

ones seen in the 12:1 group [109].
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The large endothermic phase transition peak at 52° C is interpreted as being associated
with an intimate association of DOPS and cholesterol molecules that form a mesophase that
includes only dispersed cholesterol within the DOPS matrix (as opposed to phase separated
cholesterol crystals). This phase likely is (or includes) a hexagonally packed lipid structure, as
cholesterol is known to promote a stable formation of hexagonal packing in phospholipid
systems [69]. This interpretation is further aided by the knowledge that previous studies have
shown that cholesterol has a modest ability to increase the mobility and lateral diffusion of
phospholipid molecules in bilayer lipid systems [160], [161], and can work to lower the gel to
liquid transition temperature at higher concentrations (at greater than 20% mole percent
cholesterol) [160].

In other words the cholesterol is acting as a type of plasticizer to the DOPS molecules,
that is, in its dispersed state the cholesterol is intimately associating with both the lipid acyl
chains and the head groups, thereby changing the conformational preferences of the molecule.
This cholesterol induced change in preferred chain/molecule shape may be pushing the energy of
the system towards a hexagonally packed form, as previously seen in other lipid and cholesterol
systems [69]. It is likely that the 52° C peak results from a highly structured DOPS: cholesterol
mesophase, due to the fact that the gel-liquid transition temperature the DOPS is much lower (-
11° C), while the melting temperature of DOPS is much higher (150° C), and there are no
repeating peaks that are associated with any form of cholesterol crystallites (at ~35° C, 86° C or

96° C).

1:1 Composition Group
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In the 1:1 group, there was an endothermic peak at 38.1° C (enthalpy of 0.380 J/g) during
the first heating scan, but not in the second high temperature heating scan (cycle 3). The initial
peak at 38.1° C is interpreted as the anhydrous cholesterol crystal within the coating undergoing
the polymorphic transition from an 8 to 16 unit cell. The second heating cycle (cycle 3) did not
have this transition due to the fact that cycle 2 only cooled to 24° C, which is above the
temperature required to convert the 16 unit cell back into the 8 unit cell. Cycling twice above
100° C converted any monohydrate cholesterol crystal to an anhydrous form [100]. After cooling
to 0° C (and the associated phase change back to the 8 unit cell), the last two 0-100° C heating
scans had peaks at about 33° C (with enthalpies of about 1.1 J/g).

According to the measured heat of enthalpy of 0.380 J/g in the initial 38° C peak, and
from the known 0.81 £0.21 kcal/mol anhydrous cholesterol polymorphic phase transition
enthalpy, we can determine that there was approximately 13.4% [10.6-18.1% accounting for
error] of the cholesterol in the anhydrous crystalline form at the initial state (or 0.321 g of the
total 2.39 g of cholesterol in that sample’s coating).

Subsequent high temperature cycles and the assumed conversion of any other crystalline
forms into the anhydrous phase, the 33° C transition peaks from the last cycles can be used to
determine the total initial percentage of cholesterol crystals in any form in the coating. Using the
measured heat of enthalpies of 1.1 J/g in the 33° C peaks, and from the 0.81 £0.21 kcal/mol
transition enthalpy it is determined that there was approximately 39.2% [31.1-52.9%] of the
cholesterol in crystalline form after conversion to the anhydrous state. Subtracting from the
initial anhydrous state phase (13.4%), we can assume that approximately 25% [20.5-34.8%] of
the initial cholesterol in the coating was converted into an anhydrous form after the initial two

high temperature heating cycles. It is likely that the cholesterol that was converted to an
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anhydrous form was in one of two states initially; a monohydrous crystalline phase or in an
oligomeric phase (that is, a conglomeration of nearby cholesterol molecules that are not in a full
crystalline state). It is most likely that it was initially in the monohydrate form. If it was in a
separate oligomeric phase (that was possibly associated in or with the DOPS), it would have
needed to be easily convertible to an anhydrous crystalline form in order to be measured in the

DSC scans.

6.4.3 Conclusions

Scanning White Light Interferometry

The SWLI measurements statistically differentiated the coatings, and showed that adding
cholesterol at both 12:1 and 1:1 molar ratios increased the SRa and SRz roughness of the
coatings. Additionally, the coatings increased in thickness for the treatment groups with more
cholesterol, as expected from the increased amount of coating being sprayed onto the cholesterol
containing samples.

While both cholesterol containing groups were rougher than the DOPS group, their
increases are attributed to different morphological phenomena. The 12:1 group had the highest
roughness of all the groups (both SRa and SRz), and this is ascribed to the unique
DOPS:cholesterol mesophase that formed (as indicated by DSC measurements). The 1:1 group
was also significantly rougher than the DOPS group, and this is attributed to the apparent phase
separation of cholesterol crystals in the coatings due to supersaturated levels of cholesterol in the
coating. The strictly dispersed cholesterol in the 12:1 group caused a large amount (or all) of the
DOPS structure to be converted into a secondary mesophase, while the 1:1 group had a large

quantity of crystalline cholesterol that phase separated within the coating.
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Nanoindentation

Nanoindentation methods developed above proved to be useful in the measurement of
DOPS and cholesterol coatings, and provided mechanical properties for this particularly difficult
to measure coating. The 12:1 group was found to have a significantly higher universal hardness,
with an increase of over 70% compared to the pure DOPS case (from 17.6 MPa for the DOPS
group to 25.3 MPa for the 12:1 group). This increase is attributed to a mechanically stiffer
mesophase that formed through the addition of dispersed cholesterol in the lipid matrix. The 1:1
group was more similar in hardness to the DOPS group, and 1:1 groups decrease in hardness
(compared to the 12:1 group) is attributed to widespread disruption of the DOPS microstructure
due to phase separated cholesterol crystals. This is contrasted to the original hypothesis (6.4),
that proposed that increasing cholesterol content would continue to increase coating hardness. It
is now known that the dispersed cholesterol acts to harden the coating (as in the 12:1 group), but

that the phase separated cholesterol crystallites act to soften the coatings (as in the 1:1 group).

Differential Scanning Calorimetry (DSC)

DSC was valuable for determining thermotropic behavior of the DOPS and cholesterol
groups, and was able to detect the presence of phase separated cholesterol crystals within the
coatings. In the 1:1 group, there were distinct endothermic peaks associated with the anhydrous
form of crystalline cholesterol (at 38° C) in the first heating scan that correlated to an initial
amount of 13.4% [10.6-18.1%] of phase separated anhydrous cholesterol crystals in the coating.
After heating twice to 100° C from room temperature, any easily consolidated cholesterol and/or
monohydrate crystalline cholesterol was converted to the anhydrous crystalline form and further

full temperature cycles revealed that the total crystalline content of the coatings after conversion
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was 39.2% [31.1-52.9%] of the original amount of cholesterol within the 1:1 group’s coating.
This suggests that future efforts should look to avoid concentrations of cholesterol greater than
approximately 2:1 (DOPS:cholesterol) in order to avoid phase separated cholesterol crystallites
and associated decreases in coating hardness.

For 12:1 composition, there was a large and broad primary peak at 52.8° C (enthalpy of
5.36 J/g), that is attributed to a DOPS and cholesterol mesostructure. There were no peaks
associated with any crystalline form of cholesterol in the 12:1 group, indicating that the
cholesterol remained in a dispersed state in the lipid matrix. It is notable that large 52° C peak
only appeared during the first heating cycle (and not during subsequent cycles). It is suggested
that this mesophase is not at a lowest energy state configuration due to its non-reversibility in the

temperature range tested with DSC.

6.5 Chapter Summary

Prior work has shown that the addition of a calcium pretreatment was useful for
controlling and extending coating elution times [17]. This work proposed to determine if the
additional calcium pretreatment made a significant difference in the roughness or hardness of the
coatings. It was found that neither parameter significantly changed by the addition of the calcium
pretreatment, thus encouraging the calcium pretreatment’s continued use. This is explained by
the calcium pretreatment’s localized effects near the substrate, and due to its limited ability to
diffuse and affect the bulk properties of the coatings. The addition of calcium has already been
shown to be a beneficial coating additive for controlling elution rates, [17] and may be continued
for use as a surface pretreatment without negatively altering the coating’s surface morphology or

hardness.

137



Both the SWLI and Nanoindentation methods proved to be useful in the measurement of
DOPS and cholesterol coatings. The nanoindentation method allowed the characterization of the
hardness of DOPS and cholesterol coatings, of which the coating stiffness was found to be about
18 MPa for the DOPS composition and about 25 MPa for the 12:1 DOPS:cholesterol group. This
work is the first time that the mechanical properties and surface morphology has been quantified
for phospholipid implant coatings, and there has been little to no mechanical characterization of
bulk systems of pure DOPS performed before. The nanoindentation method developed herein
overcame the high surface roughness and highly plastic nature of the coatings by using a sharp
Berkovich tip, a rapid loading rate, and a large number of indents in order to average the results
and gain an accurate representation of the average coating hardness.

Cholesterol incorporation into DOPS coatings changes the microstructure of the coatings,
and in the dispersed form, dramatically increases coating stiffness. Previous work has
demonstrated the effectiveness of cholesterol in controlling the elution of DOPS and gentamycin
coatings, but had little explanation for the cause of this phenomenon [17]. Additionally, it was
not previously known that there was a threshold event after which increasing the cholesterol
concentration acts to soften the coatings. It was assumed (as stated in Hypothesis 6.4) that
increasing the cholesterol would lead to continued increases in coating hardness. This work has
shown that cholesterol does indeed stiffen the matrix at lower concentrations (12:1), but then
softens the coatings at high concentrations (1:1). Previous work [17] primarily used a
concentration of 6:1 DOPS, which according to the results above, was likely maintaining a
dispersed state of cholesterol (the upper limit for dispersed cholesterol appears to be at about a
2:1 ratio). The concentrations chosen in this work were 12:1 and 1:1, in order to bracket any

phenomena in the previously used 6:1 concentration. With the discoveries presented above, it is
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proposed that further development of DOPS and cholesterol coatings should seek to maximize
the formation of this mesostructure of DOPS and dispersed cholesterol. This would prevent the
formation of a phase separated crystalline cholesterol form to appear, given its negative effects
on coating hardness and its phase transition peaks near body temperature.

Increasing cholesterol in order to improve mechanical properties of the coatings worked
only to a point, after which additional cholesterol diminished coating properties. This work has
elucidated the underlying mechanisms of these traits. The coating hardness and elution rate
changes can be explained by the role cholesterol plays in stiffening the lipid systems by likely
reordering its mesostructure while the cholesterol is in a dispersed state. The cholesterol has the
greatest effect in hardening the lipid matrix at the 12:1 concentration, where it is below the
saturation point that forms cholesterol crystallites. However, at high concentrations (the 1:1
group), the cholesterol mechanically weakens the DOPS:cholesterol matrix due to structurally
disruptive cholesterol crystallites and because of increased mobility of the lipids due to the added
cholesterol. While at the 12:1 concentrations, the cholesterol acts to stiffen the lipid matrix due
to its ability to increase binding between the phospholipid head groups (while in a strictly
dispersed state), and at higher concentrations, the cholesterol supersaturates into a crystalline
form which disrupts the mechanical stability of the lipid structure.

These interpretations are reflected in the SWLI, DSC, and nanoindentation results from
this chapter. The SWLI results show an increased roughness in the cholesterol containing
coatings due to changed mesophases and phase separated cholesterol crystals (in the 12:1 and 1:1
groups respectively). The DSC results indicate the formation of phase separated cholesterol
crystallites in the 1:1 group, while their presence is absent in the lower cholesterol concentration

coating (the 12:1 group). Likewise, nanoindentation hardness results were significantly higher in
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only the 12:1 group, strongly indicating a threshold event that the 1:1 group passes, resulting in a

decreased matrix coherence and hardness.

6.6 Limitations

A disadvantage of e-spraying in atmospheric conditions is the lack of control of
environmental conditions between e-spray sessions. Consequently, it is noted that batch to batch
variance may have been exacerbated by spray sessions being conducted on different days. This
was controlled for as much as was possible by spraying all samples for a given study at once if
possible and by removing excess humidity from the e-spray room as needed (with a household
de-humidifier).

Some of the nanoindentation samples were not able to be measured immediately after
vacuum drying due to the length of time required for testing (1 week). It is possible that any
ageing process may have affected some of the treatment groups more than others, though this
effect was blocked for (randomized across treatments) in the study design, and was not found to
be a statistically significant effect in the statistical model.

Due to variations between coatings within a given e-spray set, and from variations
between e-spray sessions, there was limited ability to detect significant differences between
groups. It was observed that some of the DOPS and cholesterol coatings had slightly uneven
appearances, and this could have led to non-representative thickness and roughness
measurements within a given sample. Due to this phenomenon, coating parameters were
measured across a large number of samples. It is possible that a larger sample size may have

helped further.
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The DSC sample pans were prepared via an aerosol-sprayed deposition technique due to
limitations in the e-spray process for coating DSC sample pans. The DSC instrument requires
special hermetically sealed sample pans to be used for measurements, and the standard TigAl,V
samples could not be used. E-spraying of the DSC pans was attempted, but it was not possible to
deposit enough coating onto the pans in order to effectively measure phase transitions with DSC.
The DSC measurement technique and instrument requires 5-10 mg of material in the DSC pan in
order to take an effective measurement, and the e-spray process yielded less than 0.1 mg of
coating on the pans while using approximately triple the amount of material normally e-sprayed
per unit area. That is, even when e-spraying three times as much as normally deposited on a
sample of similar size, the DSC pans were coated with less than 1% of the necessary amount of
coating for an effective DSC measurement. It is possible that the e-spray deposition process
produces a different microstructure and cholesterol crystal composition compared with aerosol-
sprayed coatings. It is also conceivable that e-spraying the Aluminum DSC pan (that has cupped
sides), even if it were possible, would produce an inherently different microstructure. Therefore,
characterizing this difference would be useful in order to more accurately compare treatment

composition changes for e-sprayed samples.

6.7 Future Work

Effort should be taken to reduce variability in samples from the e-spray process. It is
likely that environmental changes (such as temperature and humidity in the chamber) during the
e-spray process are a cause for variance and inhomogeneity in the coated samples. Gaining

greater consistency in the manufacture process through tighter environmental control (possibly
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through the use of a controlled environmental chamber) will aid further characterization, study
and optimization of the coatings.

The non-significant results in coating hardness found here may be different after
hydration of the coatings. Given the diffusion limited process of calcium on the TigAl,V
substrate dispersing into the coating, it is likely that the tested samples (which were never
hydrated), would be more prone to indicating significant differences in coating adhesion and
mechanical properties after coming into contact with an aqueous environment. Changes in
mechanical properties would also be more likely evident after hydration of the coatings, when
the calcium ions are able to disperse through the coatings, and cause inter-headgroup binding of
the DOPS [5], [91], [94]. The non-significant results in coating hardness found here may be
different after hydration of the coatings. Given the diffusion limited process of calcium on the
TigAl4V substrate dispersing into the coating, it is likely that the tested samples (which were
never hydrated), would be more prone to indicating significant differences in coating adhesion
and mechanical properties after coming into contact with an aqueous environment. Changes in
mechanical properties would also by more likely evident after hydration of the coatings, when
the calcium ions are able to diffuse through the coatings, and cause inter-headgroup binding of
the DOPS [5], [91], [94]. This phenomena of diffused calcium under hydrated conditions may
prove very difficult to test mechanically, but would prove useful if testing were successful, as it
would allow further optimization of the coatings in and the coatings changes after immersion in
biologically relevant media.

Only coatings with 12:1 and 1:1 DOPS to cholesterol concentrations were studied in this
chapter, further work could continue these studies with other cholesterol concentrations. Due to

the exploratory nature of this study, only a limited number of sample compositional groups could
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be tested. With the knowledge gained herein about cholesterol crystal states and their
cholesterol’s limited diffusion into DOPS, it would be desirable to optimize the amount of
cholesterol to DOPS, while avoiding excess cholesterol and resulting phase separation. The fact
that the anhydrous cholesterol crystals in the 1:1 treatment group changed form at 37° C adds
further reason to avoid concentrations above the phase separation point for cholesterol, as the
coatings would possibly lose stability when implanted in the body. Future studies should
therefore be undertaken to adjust the concentration of cholesterol to lipid ratio, relative to the
mechanical, chemical, and biological environmental variables of consequence for the system to
be designed.

It is suggested that future work prioritizes the minimization of cholesterol crystallite
formation, as it has was found to decrease the mechanical properties of the coating, and its
presence is generally associated with pathological states in biological systems [162]-[165].
Using the knowledge gained of the presence of cholesterol crystallites at high concentrations,
effort should be taken to optimize the amount of, and type of, dispersed cholesterol in the lipid
microstructures. It is likely that a solubility limit for cholesterol within e-sprayed DOPS coatings
exists near a 2:1 ratio of DOPS to cholesterol given the results found above, and finding this
critical concentration may prove valuable in maximizing coating hardness and retention.
Additionally, it may be that certain DOPS:cholesterol superstructures (such as a hexagonal lipid
structure) are only reproducible within narrow molar ratio ranges, or that they may be combined
with other mesostructures. It would be helpful to pursue increased knowledge in this area and it
may be useful to combine XRD and DSC techniques with NMR studies in order to gain further

insights into the spacing and configuration of any repeating structures.
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Along with cholesterol concentration optimization studies, further effort could be taken to
characterize the elution profile of the DOPS and cholesterol coatings in biologically relevant
media and environmental conditions. Since cholesterol undergoes crystalline phase transitions
near body temperature [100], it would be useful to characterize and optimize coating parameters
with this in mind (while noting that the saturation point changes with increasing temperature).
Given the fact that cholesterol suppresses the gel to liquid transition temperature of many
phospholipid systems [166], it may also be useful to look into mixtures of DOPS with other
phospholipids that have a higher affinity to cholesterol (and are fully saturated) in order to
develop a lipid system that is more easily able to form stable mesostructures (such as a
hexagonal packed configuration).

An additional strategy that could be employed in future explorations is the use of layered
cholesterol concentrations, that is, cholesterol could be sprayed at higher or lower concentrations
near the substrate surface in order to further fine tune and control elution rates of the DOPS
coating. As an example, this could allow for an initial bolus of coating and/or drug release that
would be programmed into the coatings, with a gradual release thereafter. The near substrate
layer of the coating could have a particularly tuned mesostructure, and the top layer(s) of the

coating could have another, allowing for precise tuning of elution rates.
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Chapter 7: Stability of Stored Phosphatidylserine Coatings

7.1 Purpose and Overview

One of the large practical concerns with research on these DOPS and cholesterol coatings
is whether they change or degrade over time. Previous assumptions were that they were stable
when stored in a clean, low humidity environment (a lab desiccator). Prior work generally
assumed their stability and did not appear to pay careful attention to the exact age of the samples
before performing analytical tests on the samples, as evident by a lack of precise sample history
reporting [5], [17], [140].

It is not only pertinent to have further information about any changes that may take
places in the coatings for research purposes, but also for the eventual development and
commercialization of these coatings for use on medical implants. Due to a few coincidental
discoveries, it was suspected that the coatings may indeed be unstable in ambient (atmospheric)
conditions. This discovery was primarily prompted by the observation that coated samples
changed in appearance (to the naked eye) over time after being left in ambient conditions.

Thus, the powerful quantitative SWLI measurement techniques recently developed (in
Chapter 4) were used to explore any possible effects of ageing on the roughness of the samples,
and to see if the desiccator storage condition was indeed a stable storage condition. DSC and
XRD were then used to probe the microstructural changes associated with the roughness
changes. The purpose of Chapter 7 was to analyze effects that storage (i.e., ageing) may have on
the coatings, and whether there was constancy of the coatings in a vacuum desiccator, and
whether they were unstable when left in ambient conditions. The hypotheses and specific aims

for Chapter 7 are as follows:
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Research Question 7.1: DOPS and cholesterol samples stored in a vacuum desiccator

will maintain a stable surface roughness and coating thickness over time.

Specific Aims 7.1-1: Use SWLI to measure the coating roughness and thickness of
DOPS and cholesterol coatings immediately following their manufacture, and again after 4 and
12 weeks of storage in a vacuum desiccator.

Hypothesis 7.2: DOPS and cholesterol samples stored in ambient conditions will change

in surface roughness and microstructure over time due to changes that enhance molecular
mobility and reconfiguration.

Specific Aim 7.2-1: Use SWLI to measure the coating roughness of DOPS and
cholesterol coatings immediately following their manufacture, and after 4 and 12 weeks of
storage in ambient conditions.

Specific Aim 7.2-2: Use differential scanning calorimetry to measure phase transitions of
DOPS and cholesterol coatings immediately following their manufacture, and after 4 and 12
weeks of storage in ambient conditions.

Specific Aim 7.2-3: Use X-ray diffraction to characterize the crystalline microstructure
of DOPS and cholesterol coatings immediately following their manufacture, and after storage in

ambient conditions.

7.2 Experimental Methods

7.2.1 Sample Preparation
Samples were polished, cleaned, passivated and prepared as described previously in

Sections 4.3,5.4.1, 6.2.1 and 6.2.2 and according to Appendix A: Protocol A - Titanium Square
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Sample Preparation and Protocol D - Titanium Passivation. Prior to coating with DOPS and
cholesterol, some of the Ti6AI4V samples were pretreated in a calcium (Ca) salt solution as

outlined in Appendix A: Protocol C.

7.2.2 Electro-Spray Coating Process

DOPS and cholesterol coatings were deposited on the cleaned and passivated 7.5x7.5 mm
square TigAl4V samples using an electro-spray process (see Sections 2.4.3 and 6.2.2). Briefly, a
1.3% (vol%) DOPS in chloroform solution was e-sprayed onto TigAl4V samples using 12 kV, a
pump rate of 14 mL/hr, and an 8 cm working distance. Ten TigAl4V substrates were E-sprayed at
a time, with a spray time of 44.6 seconds per coat, with two coats applied with a short pause
(about 2 minutes) between coats. These parameters were chosen to provide a final coating
density of 1 mg of DOPS per cm? of sample. Some of the DOPS and cholesterol groups were
sprayed eight samples at a time, with all spray parameters were kept the same, except the time of
spray was varied such that the total amount of material sprayed on each sample remained the
same.

After e-spraying, the coated samples were dried under a vacuum in a desiccator for at

least 48 hours. Samples were stored similarly until utilized for analysis.

7.2.3 Incorporation of Cholesterol in the Coatings

Coatings that included cholesterol were e-sprayed with the same spray parameters of the
DOPS only samples. Cholesterol was added into the 20mM DOPS-chloroform solution prior to
e-spraying at concentrations of 12:1 and 1:1 DOPS:cholesterol. The resulting DOPS-cholesterol-
chloroform solution was then e-sprayed onto the TigAl4V substrates as previously outlined

(Section 6.2.2).
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7.2.4 Scanning White Light Interferometry

Quantitative Measurement of Coating Morphology

Scanning White Light Interferometry (SWLI) was used to measure SRa and SRz as
outlined previously in Sections 4.5.2 and 5.3.1. Briefly, a 100X objective with 0.5X zoom was
used to measure the SRa and SRz surface roughness parameters in a 35 frame composite stitch
area of 0.5x0.5 mm size. Each sample was tested once in the center of the sample. A custom

script that allowed the capture and combination of a dual light level scan was utilized as needed.

Measurement of Film Thickness

Each sample’s coating was scratched and measured for thickness using SWLI as outlined
in Section 4.6.2. Briefly, prior to measuring with SWLI, a metal pick/awl was used to create a
scratch through the sample coating and a custom mask and set of scripts in the MetroPro
software was then used measure the lowest point in the scratch at 5 cross sectional areas within
the composite stitch’s field of view. These five depths were then averaged to determine the

thickness of that particular sample.

Sample Groups and Test Time Points

Three compositions of coatings were used for the thickness, SRa and SRz measurements.
The treatments were plain DOPS, 12:1 and 1:1(DOPS:cholesterol molecular ratios). Each of the
treatments was repeated with the addition of a calcium substrate pretreatment (i.e., there were 6
treatment groups, half with a calcium treatment, and half without). In each treatment group, 6
samples were stored in a vacuum desiccator, and 6 samples were stored on a shelf in a 48 well
plate in atmospheric conditions. This resulted in a total of 24 samples within each of the three

coating composition categories (e.g., the 12:1 composition), 12 for the desiccator, and 12 for the
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shelf storage locations. Of those 12, half had a calcium treatment, and half did not receive the
calcium treatment.

All of the samples were tested immediately after drying for 48 hours in a vacuum
desiccator, and then 4 weeks later, and again at 12 weeks from the first measurement time point.
Given the time required to manufacture and test the thickness, SRa and SRz properties of the
coatings, the three coating compositions were tested separately and in succession. That is, the
DOPS treatment group samples were manufactured and tested the first week; the next week the
12:1 group was manufactured and tested, followed by the 1:1 group. The following week was the
4 week time point for the DOPS group, followed by the 4 week time point for the 12:1 group,
and so on. A historical record of local atmospheric weather conditions during the time of the
study can be found in Appendix D: Scanning White Light Interferometry Ageing Study:

Measurement Time Points Schedule and Weather Almanac Tables.

Statistical Analysis

All data measured by SWLI was analyzed using the Proc Mixed procedure in SAS and
was modeled as a 3 way factorial ANOVA model, separated by storage condition (i.e., modeled
for the desiccator location, and again for the shelf location).

The 3 fixed effects modeled were the composition (DOPS, 12:1 or 1:1), the presence of
calcium (yes or no), and the time at measurement (day-1, week-4, or week-12). A random effect
was used to account for repeated measurements across time on the same samples. Up to 3-way
interactions were allowed in the model. All groups had non-significant 3-way interactions and
were next studied at their 2-way interactions if they existed, or else by dropping interaction

effects from the model if none of the interactions were significant (at a p = 0.05 threshold). If
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there were no significant interactions in the model between factors, this left an analysis of the

main effects only (composition, calcium and time effects).

7.2.5 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) sample pans were coated using an aerosol spray
deposition method. An overview of the aerosol spray deposition method can be found in
Appendix B: Atomizing Nozzle Spray Deposition Methodology Development. Two
DOPS:cholesterol treatment groups were tested. A 20mM DOPS in chloroform solution was
used for both groups, with cholesterol being added at a 12:1 (DOPS:cholesterol) and 1:1
molecular ratio (resulting in 1.667 mM and 20 mM cholesterol concentrations, respectively).
Two mL of solution was sprayed onto three DSC pans for the 1:1 group, and 2.66 mL of solution
sprayed onto two pans for the 12:1 treatment group. The coated pans were then left to dry under
vacuum in a desiccator for at least 72 hours prior to testing with the DSC. One sample was tested
immediately following removal from the desiccator, and a second sample was testing after being
left in atmospheric conditions for two weeks.

A DSC 2920 Modulated DSC (TA Instruments, New Castle, DE) was used to analyze the
phase transition of the DOPS and cholesterol coatings between 0 and 100C. A 2° C/min ramp
rate was used to cycle the DSC sample from room temperature (24° C) to 100° C and back twice
(i.e., two heating and two cooling ramps). The sample was then cooled all the way to 0° C, after
which it was cycled up to 100° C and down to 0° C twice (for a complete total of 4 heating
cycles, and 4 cooling cycles). One sample was tested for each treatment group at each time point.

The reason for choosing 8 heating and cooling cycles is due to the possible dehydration

of the monohydrate cholesterol phase into the anhydrous phase. It has been noted that at least

150



two high temperature heating cycles (above 86° C) needs to be performed in order to ensure that
all monohydrate cholesterol crystals have dehydrated to the anhydrous form [100]. The
anhydrous crystalline form is then measureable by DSC from its polymorphic phase transitions

at approximately 37° C and 20° C (during heating and cooling, respectively).

7.2.6 Glancing Angle X-ray Diffraction

A D8 Discover by Bruker AXS Inc. (Madison, W1) was used to measure the glancing
angle X-ray diffraction patterns of DOPS coatings. An incident angle of 1° was used. A small
angle (SAXS) scan range of 0.1° to 5° was performed in conjunction with a wide angle scan
range of 5° to 80°. The step size used was 0.003°, and the time per step was 0.5 seconds. The
samples tested were the same samples used for the SWLI thickness and roughness
measurements. They were prepared as detailed in Section 6.2.2. Samples tested with XRD were
allowed to age in atmospheric conditions for 9 months prior to testing. All samples were aligned
prior to collecting, and a background spectrum was collected of an uncoated, cleaned, polished,
and passivated TigAl4V sample substrate in order to compare with XRD results from the coated

TigAl,V samples.

7.3 Ageing Study in Vacuum Desiccator

7.3.1 Purpose

The purpose of this section is to use SWLI to study coating surface morphology stability
over time when the coatings are stored in a vacuum desiccator. Any changes will be tracked
using the SRa and SRz roughness parameters, as well as by measuring the thickness of the

coating. This section addresses the following research question:
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Research Question 7.1: DOPS and cholesterol samples stored in a vacuum desiccator

will maintain a stable surface roughness and coating thickness over time.
Specific Aims 7.1-1: Use SWLI to measure the coating roughness and thickness of
DOPS and cholesterol coatings immediately following their manufacture, and after 4 and 12

weeks of storage in a vacuum desiccator.

7.3.2 Results

Coating Thickness

SWLI Measured Coating Thickness of Desiccator Stored Coatings
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Figure 7-1 Thickness measurements from SWLI over time of DOPS and cholesterol coatings stored
in a vacuum desiccator. N = 6 in each group and error bars represent the standard error of the mean.
Significance between treatment groups is indicated by brackets and an asterisk.

The thicknesses of the various DOPS and cholesterol groups are shown in Figure 7-1.

Light gray bars represent measurements taken on Day-1, and the bars in the graph darken as time
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progresses to the darkest gray at the week-12 measurement. In the 3-way factorial ANOVA
model (see Section 7.2.4: Statistical Analysis for more detail), only the treatment composition
effect was significant (at p = 0.0006), the calcium and time effects were statistically insignificant
at p =0.0640 and p = 0.3140 respectively. With regard to the composition effect, both the DOPS
and 12:1 treatments were significantly thinner than the 1:1 group (p = 0.0003 and p = 0.0039
respectively).

It should be noted that all but two of the 12:1 treatment group samples were lost after the
day-1 measurement time point due to a lab incident. This resulted in increased standard errors or
null measurements for the thickness, SRa and SRz at the following time points (weeks 4 and 12)

within the 12:1 treatment group samples.
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Coating Roughness

SWLI Measured Roughness of Dessicator Stored Coatings
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Figure 7-2 SRa roughness measurements from SWLI over time of DOPS and cholesterol coatings
stored in a vacuum desiccator. N= 6 in each group and error bars represent the standard error of the mean
and statistical significance is noted in Figure 7-3.

All of the SWLI measured SRa results can be seen in Figure 7-2. In the 3-way factorial
ANOVA model (reference Section 7.2.4: Statistical Analysis for details), there were no-3 way
interactions, but there was a significant composition by time interaction. When the data was
examined further with an analysis of simple effects, the DOPS and 1:1 treatment groups had
significant differences in SRa at various time points. These results are graphically represented in

Figure 7-3.
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Average SRa for Desiccator Storage
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Figure 7-3 Average SRa roughness (um) of DOPS and cholesterol coatings stored over time in a
vacuum desiccator. Significance is indicated by letter groups; if bars share a letter, they are not significantly
different.

In Figure 7-3, the mean SRa roughness for each time point is graphed by treatment group.
Statistically, only a composition by time interaction was significant (p = 0.0391). When averaged
across the other non-significant factors, the roughness at the individual time points differed
significantly as represented by the letter groups in Figure 7-3. The Week-4 and 12 time points
were significantly higher compared to the day-1 measurement in the 1:1 group (p = 0.0009 and p
= 0.0283 respectively). For the DOPS group, the day-1 point was significantly lower than the

week-12 time point (p = 0.0046).

155



9.0

8.0 A

7.0

6.0 -

SRz Roughness (ym)

2.0 +

1.0 1

0.0

SWLI Measured Roughness of Desiccator Stored Coatings

oDay 1
mWeek 4
mWeek 12

r |

_F

5.0 4

4.0 4

3.0 +

No Ca

Plain DOPS

With Ca

No Ca

With Ca

12:1 DOPS-Chol

No Ca

1:1 DOPS-Chol

With Ca

Figure 7-4 SRz roughness measurements from SWLI over time of DOPS and cholesterol coatings

stored in a vacuum desiccator. N= 6 in each group and error bars represent the standard error of the mean
and statistical significance is noted in Figure 7-5.

The SWLI measured SRz results can be seen in Figure 7-4. In the 3-way factorial

ANOVA model, there were no 3-way interactions. There was a significant composition by time

interaction, as well as a significant time effect. When the data was examined further with an

analysis of simple effects from each of the compositions across time points, the DOPS and 1:1

treatment groups had significantly differing time points. These results are graphically represented

in Figure 7-5.
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Average SRz for Desiccator Storage
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Figure 7-5 Average SRz roughness of DOPS and cholesterol coatings stored over time in a vacuum
desiccator. Significance is indicated by letter groups; if bars share a letter, they are not significantly different.

As seen in Figure 7-5, the mean SRz roughness for each time point is graphed by
treatment group. Statistically, the composition by time interaction was significant, as well as the
time effect (p = 0.0380 and p = 0.0447 respectively). When averaged across the other factors, the
roughness at the individual time points differed significantly as represented by the letter groups
in Figure 7-5. In the 1:1 group, the Week-4 time point was significantly higher compared to the
day-1 measurement (p = 0.0014). For the DOPS group, the day-1 point was significantly lower

than the week-4 and 12 time points (p = 0.0262 and p < 0.0001 respectively).

7.3.3 Discussion

Coating Thickness

The coating thicknesses were not significantly influenced by the age of the samples in the
desiccator storage condition. Significant differences did exist between compositions groups, as
expected from the additional amount of material sprayed onto the substrates in the cholesterol

containing groups. In particular, the 1:1 group was significantly thicker than the DOPS and 12:1
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groups. This is explained by the fact that the 1:1 group had 48% more coating mass (0.831 mg,

compared with 0.563mg for the DOPS group).

Coating Roughness

The coating roughness did have significant changes that were attributable to the passing
of time for both the SRa and SRz roughness parameters. In the SRa measurements, there was a
significant interaction between the composition and time. That is, time did not have a similar
effect across all of the treatment groups. As seen in Figure 7-3 and Figure 7-5, the DOPS group
steadily increased in roughness over time while the 1:1 quickly increased, and then stayed
similar (or slightly decreased) in roughness at later time points. The SRz roughness showed a
similar trend, with significant changes between time points for each treatment group. The fact
that the treatment composition influenced the effect of time, indicates that the underlying
phenomena that is causing change in the coatings is likely different for the DOPS vs 1:1 groups
over the time period studied. The DOPS group seems to be undergoing a slow, but consistent
change over time, while the 1:1 group seems to react quickly, and then stabilize after passing an
equilibrium point.

It is worth noting that these significant changes happened across repeated measures on
the samples, that is, each individual sample was keyed and re-measured in the same location at
each time point. This combined with the high number of measured samples (24 within each
treatment group) and the substrate surface polishing procedure developed in Section 5.4 allowed

for a large ability to detect significant changes.
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7.3.4 Conclusions

Contrary to Hypothesis 7.1, the coatings were found to change surface roughness over
time, even when stored in a vacuum desiccator. The high statistical power of the study design,
combined with the sensitive ability of the SWLI measurements to quantitate changes in coating
surface morphology allowed for this discovery. Due to the significant interaction of the time and
treatment effects in the SRa results, it is furthermore observed that the ageing effect was not
constant across treatment groups. That is, the compositions reacted differently to the ageing
process, indicating that there are likely separate microstructural reasons for the changes within

each treatment group over time.

7.4 Ageing Study in Ambient Conditions

7.4.1 Purpose

The purpose of this section is to study any possible morphological changes to the
coatings over time using SWLI. Any changes will be tracked using the SRa and SRz roughness
parameters, as well as by measuring the thickness of the coating. Additionally, given the
suspected changes in the ambient storage condition, studies will be undertaken of any thermal
transitions in the coatings (using DSC), as well as any endpoint differences in glancing angle X-
ray diffraction patterns (GAXRD). This section addresses the following research question:

Hypothesis 7.2: DOPS and cholesterol samples stored in ambient conditions will change

in surface roughness and microstructure over time due to changes that enhance molecular

mobility and reconfiguration.
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Specific Aim 7.2-1: Use SWLI to measure the coating roughness of DOPS and
cholesterol coatings immediately following their manufacture, and after 4 and 12 weeks of
storage in ambient conditions.

Specific Aim 7.2-2: Use differential scanning calorimetry to measure phase transitions of
DOPS and cholesterol coatings immediately following their manufacture, and after 4 and 12
weeks of storage in ambient conditions.

Specific Aim 7.2-3: Use glancing angle X-ray diffraction to characterize any crystalline

microstructure of DOPS and cholesterol coatings after long-term storage in ambient conditions.

160



7.4.2 Results

Scanning White Light Interferometry (SWLI)

Coating Thickness

SWLI Measured Coating Thickness of Shelf Stored Coatings
3k

14
oDay 1
aWeek 4

12 EWeek 12 |

10

Coating Thickness {pm)

No Ca With Ca No Ca With Ca No Ca With Ca
Flain DOPS 12:1 DOPS-Chol 1:1 DOPS-Chol

Figure 7-6 Thickness measurements from SWLI over time of DOPS and cholesterol coatings stored
in a vacuum desiccator. N= 6 in each group and error bars represent the standard error of the mean.

As seen in Figure 7-6, the thicknesses of the various DOPS and cholesterol groups are
listed for samples stored in ambient conditions. Light gray bars represent measurements taking
on Day-1, and the graph bars darken as time progresses to the darkest gray at the week-12
measurement. In the 3-way factorial ANOVA model (see Section 7.2.4: Statistical Analysis for
more detail), only the treatment composition effect was significant (at p < 0.0001), the calcium
and time effects were statistically insignificant at p = 0.2874 and p = 0.2905, respectively. With
regard to the composition effect, both the DOPS and 12:1 treatments were significantly thinner

than the 1:1 group (p < 0.0001 and p = 0.0007 respectively).

161



Coating Roughness

SWLI Measured Roughness of Shelf Stored Coatings

@Day 1
mWeek 4
mWeek 12

SRa Roughness (pm)

With Ca With Ca With Ca
Plain DOPS 12:1 DOPS-Chel 1:1 DOPS-Chol

Figure 7-7 SRa roughness measurements from SWLI over time of DOPS and cholesterol coatings
stored in a vacuum desiccator. N= 6 in each group and error bars represent the standard error of the mean
and statistical significance is noted in Figure 7-8.

The SWLI SRa results can be seen in Figure 7-7. In the 3-way factorial ANOVA model
(please see Section 7.2.4: Statistical Analysis for details), there were no 3-way interactions.
However, there was a significant composition by time interaction, and all of the individual model
effects were significant. The addition of calcium acted to increase the roughness across all
treatments and time points (p = 0.0115). When the data was examined further with an analysis of
simple effects for each of the treatments across each time point, all three treatment compositions
had significantly differing time point measurements. These results are graphically represented in

Figure 7-8.
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Average SRa for Shelf Storage
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Figure 7-8 Average SRa roughness of DOPS and cholesterol coatings stored over time in ambient
conditions. Significance is indicated by letter groups; if bars share a letter, they are not significantly different.

In Figure 7-8, the mean SRa roughness for each time point is graphed by treatment group.
The composition by time interaction was statistically significant (p < 0.0001). Additionally, all
of the individual factors were significant; composition (p = 0.0002), time (p < 0.0001), and
calcium (p = 0.0115) effects. When averaged across the other factors, the roughness at the
individual time points significantly differed as represented by the letter groups in Figure 7-8.

For the DOPS group, the Week-4 point was significantly higher than the week-12 time
point (p = 0.0141). In the 12:1 group, the Week-4 time point was significantly higher than both
the the day-1 and week-12 measurements (p = 0.0012 and p < 0.0001 respectively). The week-12
point was also significantly lower than the day-1 time point in the 12:1 group (p < 0.0001).
Within the 1:1 group, the day-1 measurement was significantly lower than the week-4 and 12

time points (both at p < 0.0001).
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SWLI Measured Roughness of Shelf Stored Coatings
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Figure 7-9 SRz roughness measurements from SWLI over time of DOPS and cholesterol coatings
stored in a vacuum desiccator. Error bars represent the standard error of the mean and statistical
significance is noted in Figure 7-10.

The SWLI SRz results can be seen in Figure 7-9. In the 3-way factorial ANOVA model,
there were no 3-way interactions. There was a significant composition by time interaction, as
well as a significant composition and time effect. When the data was examined further with an
analysis of simple effects from each of the compositions across time points, all three treatment
compositions had significantly differing time point measurements. These results are graphically

represented in Figure 7-10.
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Figure 7-10 Average SRz roughness of DOPS and cholesterol coatings stored over time in ambient
conditions. Significance is indicated by letter groups; if bars share a letter, they are not significantly different.

The mean SRz roughness for each time point is graphed by treatment group in Figure 7-
10. Statistically, the composition by time interaction was significant (p = 0.0004), as were both
the time and composition effects (p < 0.0001 and p = 0.0117 respectively). When averaged
across the other factors, the roughness at the individual time points differed significantly as
represented by the letter groups in Figure 7-10.

For the DOPS group, the day-1 point was marginally significantly lower than the week-4
time point (p = 0.0451). In the 12:1 group, the Week-4 time point was significantly higher than
both the the day-1 and week-12 measurements (p = 0.0044 and p < 0.0001 respectively). The
week-12 point was also significantly lower than the day-1 time point in the 12:1 group (p =
0.0038). For the 1:1 group, the day-1 measurement was significantly lower than the week-4 and

12 time points (p = 0.0052 and p = 0.0110 respectively).
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Differential Scanning Calorimetry (DSC)

A representative DSC scan can be found in Chapter 6: Figure 6-8. A full compilation of
figures with all of the individual DSC scans for both compositions and both time points can be
found in Appendix C: Differential Scanning Calorimetry Measurements for DOPS and

cholesterol coatings. These results have been tabulated below in Table 7-1.

Table 7-1 Compiled list of heat of enthalpies associated with specific peaks from DSC scans of the
12:1 and 1:1 DOPS:cholesterol groups. Heating scans are indicated by a light red background, and cooling
scans with a light blue background. Exothermic peaks have a negative sign preceding the measurement.

12:1 (DOPS:cholesterol) 1:1 (DOPS:cholesterol)
Day 1 Week 2 Day 1 Week 2
Peak 1 | Peak2 | Peak1 | Peak 2 Peak 1 Peak 1 | Peak 2
cvdle 1 Peak Temp (°C)|] 52.76 | 95.79 | 58.84 | 96.84 38.06 38.42 | 95.74
{24y1oo“c1 Onset Temp (°C)| 40.26 87.8 56.61 | 92.95 36.03 36.51 | 91.75
Enthalpy (J/g)] 5.362 | 0.9478 | 7.199 | 0.4474 0.3798 0.7604 | 0.618
Peak Temp (°C) NA NA NA -20.19
Cycle 2 .
AT Onset Temp (°C) NA NA NA -22.78
( ) Enthalpy (1/g) NA NA NA -1.108
cvele 3 Peak Temp (°C) 96.36 96.74 94.98 33.32 96.2
Ccle
{24y1oo"c1 Onset Temp (°C) 92.66 92.15 92.2 31.37 | 61.68
Enthalpy (1/g) 0.3152 0.3888 0.167 0.1394 | 0.4813
Peak Temp (°C) NA -96.97 NA -38.42
Cycle 4 .
(100-0°C) Onset Temp (°C) NA -92.88 NA -36.51
Enthalpy (1/g) NA 0.172 NA -0.7604
Cvele 5 Peak Temp (°C) 96.29 96.97 33.73 3451 | 96.35
cle
o‘;oo“c Onset Temp (°C) 89.77 92.88 29.66 31.64 | 90.69
(0- ) Enthalpy (J/g) 0.7671 0.172 1.033 1.159 | 0.5983
Peak Temp (°C) NA NA -19.01 -20.19
Cycle 6 .
(100-0°C) Onset Temp (°C) NA NA -23.4 -22.78
Enthalpy (J/g) NA NA -0.9037 -1.108
cvele 7 Peak Temp (°C) 96.26 4391 | 96.87 33.43 34.19 | 96.17
o‘foz“c Onset Temp (°C) 90.47 4148 | 9133 29.18 31.51 | 90.89
( ) Enthalpy (J/g) 0.6867 0.107 | 0.5666 1.109 1.112 | 0.5181
Peak Temp (°C) NA -43.61 -20.1 -33.32
Cycle 8 .
e Onset Temp (°C) NA 51.42 -24.15 -31.37
Enthalpy (1/g) NA -0.3548 0.9746 -0.1394

As seen in Table 7-1, all of the peaks for each run of the DSC scans are recorded. Results

are discussed below, by treatment group.

12:1 Composition
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At the day-1 measurement in the 12:1 group, the first heating scan had a large,
endothermic broad peak at 52.8° C, and none of the cooling scans had any significant peaks. All

of the heating cycles had small, broad endothermic peaks at about 96° C.
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Figure 7-11 Cycle 1 heating scans from the DSC of the 12:1 group, at Day-1 and Week-2. Curves are
displaced along the y-axis for presentation. Scan rate was 2°C/min, exotherms point downward.

For the week-2 time point, the peak locations were at similar locations, except for the
large peak at 52.8° C, which shifted to a higher temperature (as seen in Figure 7-11). There were
also the additions of several more of the small, broad peaks at 96° C. The large broad
endothermic peak that was at 52.8° C in the day-1 measurement shifted to the right (to a peak of
58.8° C), and sharpened considerably, while still maintaining a visible shoulder at the 52.8° C

temperature.

1:1 Composition

In the 1:1 group at the day-one time point, all of the peaks were at one of two primary
locations, endothermic peaks around 33° C during the heating cycles, and exothermic ones at 20°
C during the cooling cycles. During the heating cycles there were endothermic peaks at 38° C (in
cycle 1), and then at 33° C in cycles 5 and 6. During the 100-0° C cooling cycles (cycles 6 and 8)

there were peaks at 20° C.
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For the second weeks measurement, the peak locations were at similar locations overall,
with the addition of several more of the small, broad peaks at 96° C. Additionally, the peak at 38°
C during the first heating cycle increased slightly in size from week one to week-2 (from an

enthalpy of 0.380 J/g to 0.760 J/g), while maintaining a similar shape.

Glancing Angle X-ray Diffraction (GAXRD) Results

The wide angle X-ray scattering results for DOPS, 12:1 and 1:1 groups aged in ambient
conditions can be found in Figure 7-12. The small angle X-ray scattering results for the same
groups can be found in Figure 7-13.

A background XRD spectrum of uncoated TigAl,V (that was polished, cleaned and
passivated similar to the coated samples) was tested in both the small and wide angle regions.
The background spectra did not exhibit any significant peaks, and can be found in Appendix E:

Glancing Angle X-ray Diffraction Background.
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Figure 7-12 Stack of wide angle X-ray scattering profiles for DOPS, 12:1 and 1:1 samples aged in
ambient conditions. Y-axis in arbitrary units of detector counts. The bright red line is DOPS, green line is
12:1, dark red line is the 1:1 group.
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Figure 7-13 Stack of small angle X-ray scattering profiles for DOPS, 12:1 and 1:1 samples aged in
ambient conditions. Y-axis in arbitrary units of detector counts. Blue line is DOPS, dark blue line is 12:1,
magenta line is the 1:1 group.

As seen in the Figure 7-12, the wide angle X-ray spacing results are similar between the
compositional groups, with peaks at about 38.8, 40.7 and 53.5 2theta. These correlate to a lattice

spacing of 2.34 A, 2.22 A and 1.71 A respectively. Peak matching did not indicate that the peaks

169



in either range matched with titanium, nor any other relevant/similar material to what was
actually tested.

In the small angle region (Figure 7-13), the groups showed differences between
treatments. The 12:1 group had a unique peak at 1.6 2theta, which correlates to a spacing of 55
A. The 1:1 group had a unique peak at 2.7 2theta, which correlates to a spacing of 32.5 A. The
DOPS group was void of either of these peaks, but had a larger shoulder in the 0.6-1.2 2theta

region (~14.7-7.4 nm spacing distance). The 1:1 group had the smallest shoulder in this region.

7.4.3 Discussion

Scanning White Light Interferometry

Coating Thickness

The coating thicknesses were not significantly influenced by the age of the samples in the
ambient storage condition, though significant differences did exist between composition groups,
similar to what was found in the desiccator storage location. This result of thicker coatings in the
cholesterol groups is not surprising given the additional amount of material sprayed onto the

substrates in the cholesterol containing treatments.

Coating Roughness

The coating roughness did have significant changes that were attributable to the passing
of time, and for the effect of treatment with both the SRa and SRz roughness parameters. There
was a significant composition by time interaction in both roughness parameters. Additionally, for
the SRa measurements, there was a significant effect from the addition of calcium in the

interaction between the composition and time.
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The interpretation of the treatment by time interaction is similar as what was discussed
for the desiccator storage location, that the time factor did not have a similar effect across all of
the treatment groups. As seen in Figure 7-8 and Figure 7-10, the DOPS group stayed generally
similar and slightly decreased in roughness over time. The 1:1 increased, and then plateaued in
roughness after week-4. In contrast to those groups, the 12:1 composition had a fully significant
trend reversal of first increasing, and then decreasing roughness from the day-1, to week-4, and
then week-4 to week-12 time points.

These trends are interpreted as stemming from the 12:1 group undergoing a two or three
state phase shift, with each state having different roughnesses associated with them. In other
words, the initial, day-1 microstructure and mesophase is likely changing slowly over time into
another, lower energy phase state which has as higher roughness, before it eventually transfers
into a third state that has a much lower roughness (this would be a three phase explanation).
Another possibility is that the system is undergoing a transition between two phases, and that the
in-between (transitory) state happens to be more rough than either the beginning or end states
(this is a two phase explanation).

It is interesting to note that calcium had a significant effect (p=0.0115) on the SRa
roughness over time. It acted to increase the roughness of treatments, across all other factors.
This result confirms the suspicions of Section 6.3, that calcium does indeed have an effect on the
coatings, but needs time in order to diffuse through the coating and produce a significantly

measurable effect.
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Differential Scanning Calorimetry (DSC)

DSC was useful for determining the thermotropic behavior of the DOPS and cholesterol
groups at different ages. For further background and discussion on the utility of DSC for
determining crystalline cholesterol please reference Sections 2.3.2 and 6.4.2.

In the 1:1 group, there were distinct peaks associated with the anhydrous form of
crystalline cholesterol (at 38° C) in the first heating scan that correlated to an initial amount of
13.4% [10.6-18.1% accounting for error] of phase separated anhydrous cholesterol crystals in the
coating. After heating twice to 100° C from room temperature, any easily consolidated (e.qg.,
oligomeric cholesterol that was easily convertible to an anhydrous form) and/or monohydrate
crystalline cholesterol was converted to the anhydrous crystalline form, and subsequent full
temperature cycles revealed that the total crystalline content of the coatings after conversion was
approximately 39.2% [31.1-52.9%] of the total amount of cholesterol in the coating. In other
words, the annealing effects of the DSC tests resulted in an increase in cholesterol crystallinity
just as seen with desiccator storage.

At the week-2 time point, the 1:1 group’s coatings maintained a similar peak distribution,
with the primary difference being the enlargement of the cycle 1 peak at 38° C. The enthalpy
increased 0.380 J/g to 0.760 J/g from day-1 to week-2 in this peak, while maintaining a similar
shape. This is interpreted as an increase in the anhydrous crystalline cholesterol to a level of
26.9% [21.3-36.3%] at the week-2 time point. After the first two high temperature cycles (and
associated conversion of any monohydrate cholesterol crystals to the anhydrous form), the total
anhydrous crystalline content was similar to that of the day-1 measurement at 40.9% [32.5-
55.25%]. This indicates that the total amount of easily formable anhydrous crystalline cholesterol

in the sample stays fairly constant over the two weeks, but that the initial amount of anhydrous
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crystalline cholesterol in the sample is slowly increasing with time. That is, at the time one
measurement, only 13.4% of the cholesterol in the sample appeared in the first heating cycle’s
anhydrous peak, while in week-2 measurement this number increased to 26.9%.

For the 12:1 composition at day-1, there was a large and broad primary peak at 52.8° C
(enthalpy of 5.36 J/g) that is attributed to a DOPS (with dispersed cholesterol) mesostructure.
There were no peaks associated with any crystalline form of cholesterol in the 12:1 group,
indicating that the cholesterol remained fully dispersed within the lipid matrix. This large 52° C
peak only appeared during the first heating cycle (and not during subsequent cycles).

For the week-2 time point, the 12:1 group’s coating maintained a similar looking set of
peak locations, except that the large peak at 52.8° C shifted to a higher temperature (see Figure
7-11). The large and broad endothermic peak that was at 52.8° C in the day-1 measurement
shifted to the right (to a peak of 58.8° C), and sharpened considerably, while still maintaining a
visible shoulder at 52.8° C. This is interpreted as shift in the mesophase of the DOPS and
dispersed cholesterol to a more consolidated and lower energy state. The broad shouldered initial
peak at 52.8° C likely is the result of a range distribution of non-homogenous mesophases (likely
a hexagonal packed structure), that gradually turns into a more uniform structure over time (to
the sharp 58.8° C peak). This temperature region is similar to what has been seen in other lipid

systems with a hexagonal packing structure [111].

X-ray Scattering Results (SAXS and XRD)

Ordered cholesterol structures and lipid mesophases can be studied with X-ray scattering
techniques. Both the monohydrate and anhydrous forms of crystalline cholesterol have a bilayer

type structure with a repeating space of about 34 A [167], [168]. This spacing leads to X-ray
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diffraction peaks in the small angle region of the spectrum. Because the spacing is the same for
both the monohydrate and anhydrous forms of the crystalline cholesterol, XRD is only useful for
determining the presence of crystalline cholesterol, and not the specific phase of the crystal.

The small angle X-ray diffraction region (Figure 7-13) was able to differentiate the
treatment groups, with the 12:1 group having a unique peak at 1.6 2theta (correlating to a spacing
of 55 A). This spacing is presumed to be related to the DOPS with dispersed cholesterol
mesophase that has been proposed (Section 6.4.2), as it is unique to the 12:1 group and is in the
correct size scale range for hexagonal packing of DOPS systems [169].

The 1:1 group had a unique peak at 2.7 2theta (32.5 A), which is in agreement with the
spacing that has been associated in the literature with crystalline cholesterol (of approximately
34 A) [100], [167], [168]. This result corroborates the results of the DSC tests, that the 1:1 does
indeed contain phase separated cholesterol crystallites.

The DOPS group was void of both of these peaks, indicating a lack of cholesterol crystals
or unique mesophase. It did however contain the largest shoulder in the 0.6-1.2 2theta region
(~14.7-7.4 nm spacing region), which is likely due to a distribution of DOPS lamellar spacings.
Typical bilayer spacing in a plasma membrane ranges from 5-10 nm [170]. Of note, the 1:1
treatment had the smallest shoulder in this (~14.7-7.4 nm spacing region, indicating that there
may be a higher level of conformity of any lamellar spacing within this coating.

It is worth noting that the polishing procedure developed in Section 5.4 proved essential
for the XRD measurements of the DOPS coatings. The measurements would not have been
possible if the substrates had not been polished first, as the signal to noise ratio would have been

too low due to excess beam scattering.
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7.4.4 Conclusions

SWLI

It was found that there are indeed significant changes over time in surface morphology
for coatings stored in ambient conditions. There were significant effects from time, composition,
and calcium on the coatings’ morphologies over time. Additionally, there was a treatment by
time interaction, indicating that the ageing effect was not consistent across treatment groups. It is
therefore concluded that the storage location and age of the sample is a critical consideration for

the future development and analysis of DOPS and cholesterol coatings.

Differential Scanning Calorimetry Conclusions

DSC results were able to differentiate the coatings, and provided valuable insights to the
different coating compositions and their microstructural states and crystalline cholesterol
contents. Anhydrous cholesterol crystals were immediately observable in both of the 1:1 time
points, and the initial amount increased from 13.4% of the total coating’s cholesterol content at
the day-1 point, to 26.9% in the week-2 measurement. The amount of easily consolidated
anhydrous cholesterol crystal (cholesterol that converted to an anhydrous form after high
temperature cycling) remained nearly constant at both measurements, at about 40% of the total
coating cholesterol content.

The 12:1 group also demonstrated a change over time, with the large, broad peak at 52.8°
C sharpening and shifting to a higher temperature of 58.8° C. This peak is associated with the
mesophase of the DOPS and dispersed cholesterol consolidating to a more homogenous and
ordered state. There were no peaks in the 12:1 group associated with cholesterol crystals,

indicating that the cholesterol exists in a fully dispersed state within the DOPS structure.
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Glancing Angle X-ray Diffraction

Glancing angle XRD also proved to provide useful insight into the DOPS and cholesterol
coatings, and showed differences between the treatment groups, particularly in the small angle
region. GAXRD served to elucidate and confirm results found with DSC. There were unique
peaks in both of the cholesterol containing groups. In the 1:1 group, the peak at 2.7 2theta (32.5
A) confirmed the existence of crystalline cholesterol in the 1:1 group. The 12:1 group had a
unique peak at 1.6 2theta (correlating to a spacing of 55 A), which is presumed to be associated
the DOPS and fully dispersed cholesterol mesophase that was also found in the DSC results. The
DOPS group was void of both of these peaks, but had a larger shoulder in the 0.6-1.2 2theta
region (~14.7-7.4 nm spacing region), most likely indicating a distribution of similar lamellar

bilayers.

7.5 Chapter Discussion

The day-1, week-4 and week-12 time points in this study were chosen due to limitations
in the time required to manufacture and measure the samples. The first week of the study was
consumed in the preparation and testing of the DOPS treatment group, the second week for the
preparation and treatment of the 12:1 group, and the third week for the 1:1 group. This allowed
for the immediate continuation of measurements on the DOPS group the following week, for that
groups 4-week time point, and so on.

Within each treatment group, there were 24 samples (half with calcium, and half again
split towards either the desiccator, or ambient storage location). On each sample, there were two

measurement locations for SWLI, one for measuring the thickness (see Section 4.6), and one for
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measuring the roughness (see Section 4.5). At each of the sample’s two measurement locations,
the thickness or roughness parameters were calculated within a 35-frame composite stitch area.
That is, there were 70 individual capture frames for each of the 72 samples (5040 frames), all

repeated at each of three time points.

Differences between Desiccator and Ambient Storage Conditions

The effects of ageing, while present in at both storage locations, were not similar in their
effects for each treatment composition. The DOPS group in particular reacted differently over
time when in the desiccator storage location compared to ambient storage, while the 1:1 group
reacted similarly in both storage locations. In the statistical ANOVA model (detailed in Section
7.2.4), only 3 factors were included in the model (composition, calcium, and time). If the
analysis is re-run including all 4 factors (composition, calcium, time, and location), the model
shows a significant three-way interaction between the composition, time and storage location for
both SRa and SRz roughness parameters (p = 0.0007 and p = 0.0027 for SRA and SRz
respectively). This indicates statistically, that in addition to the time effect changing coatings
differently over time, the location also plays a role in how the coatings age (and the effect is not

similar across all the treatments).

Desiccator Storage Condition

A structure function interpretation for the reason for change over time for the treatment
groups in the desiccator storage location is proposed as follows; the DOPS group may be
continuing to undergo a consolidation into multilamellar vesicles, as it is a lower energy state

than the more disordered, as-sprayed state. These multilamellar vesicles would appear rougher as

177



they continued to conglomerate and incorporate less ordered lipids from their surrounding
environs.

The 1:1 group is likely consolidating anhydrous cholesterol crystals over time, that is, the
initially supersaturated cholesterol crystals that formed during spraying continue to ‘grow’ over
time because they are at a lower energy state than the nearby dispersed cholesterol molecules. As
the cholesterol crystals consolidate and grow over time before reaching an equilibrium state, this
results in an increase in coating roughness over the short term (due to the sharp anhydrous

crystals growing) that then plateaus in the long term (as the crystals reach an equilibrium size).

Ambient Storage Condition

A proposed structure function interpretation for the cause of change over time for the
treatment groups in the ambient storage location is as follows; the DOPS group is likely
reordering to a lower energy state in the ambient environment as well, but as it has the ability to
incorporate water from the atmosphere, it is likely that the lowest energy state would be a
multilamellar structure that is more planar in configuration (as apposed to vesicle shaped). The
water that would be incorporated in the coating would make it difficult for multilamellar
structures to swell in a spherical (vesicle) configuration, and would instead drive the system to a
stratified planar configuration. This would result in a minimal amount of change to the coating
roughness, or a decrease in roughness, as observed in the data collected above.

The 1:1 group is likely undergoing a very similar process as in the desiccator location and
consolidating cholesterol crystals over time. These cholesterol crystals would be at lower energy
state than the nearby dispersed cholesterol molecules, driving a consolidation and growth over

time before they reach an equilibrium state. This would result in an increase in coating roughness
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over the short term that then plateaus in the long term (for similar reasons as in the desiccator
storage location).

The 12:1 group is likely undergoing a two state transition over time, where the first state
is a macroscopically disordered conglomeration of individual regions of a hexagonally packed
phase. Over time, these un-aligned mesophases consolidate into a more tightly packed and
repeating phase, which results in increased roughness in the short term, and an eventual decrease
in roughness as the mesophase becomes more homogenous. This explanation coincides with
what is seen in the initial, broad DSC peak at 52° C (numerous domains of the mesophase),
followed a consolidation to a second state of a more consolidated and homogenized mesophase
that results in a shift and sharpening of the DSC peak at 58° C (and associated 55 A XRD

spacing result).

7.6 Chapter Summary

The overarching goal of this chapter was to find out whether these coatings are stable, or
change over time with storage. This goal was met, and it was conclusively answered that the
coatings do indeed change over time, even when stored in a clean, dry environment (a vacuum
desiccator). This result was counter to previous assumptions, and has profound implications to
the future development and study of these DOPS and cholesterol coatings.

Additionally, it was found that the treatment compositions reacted differently to the
ageing process, and to their storage location. Several of the cholesterol containing compositions
increased, and then decreased in roughness over time, indicating multiple modes of action

driving their morphological changes.
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For the DSC studies, it was shown that the 1:1 cholesterol group has an initial quantity of
phase-separated cholesterol crystals, which increase in mass over time in ambient storage
conditions. XRD results confirmed this result, with a diffraction spacing of 33 A, the same as
reported for crystalline cholesterol [167], [168]. This composition tended to increase in
roughness over the short-term in both storage locations, before reaching an equilibrium state.

In the 12:1 group, DSC results indicate a significant mesophase that is different from
what is seen in either the DOPS or 1:1 groups. This mesophase gradually consolidates over time,
as represented by the shift from a large broad peak in DSC at 52° C, to a sharper peak at 58° C.
This result was further elucidated by XRD, which showed a an associated 55 A XRD spacing
result. In the ambient storage condition, the 12:1 composition tended to increase initially in
roughness over in the short-term, before reaching an equilibrium state.

Additional knowledge was also gained about the effect of the calcium pretreatment on the
coatings. While the calcium pretreatment did not contribute significantly in the short-term
(confirming the results in Section 6.3), it was able to affect the coatings when given an adequate
amount of time to diffuse through the coatings. Also of note, it was only in the ambient condition
that the calcium effect was measurable, suggesting that the increased energy and availability of
water in the ambient condition aided the diffusion of the calcium through the coating.

With the knowledge gained in this study, future efforts should take care to acknowledge
and deal with the effect of ageing, and seek to optimize the microstructural mesophase state(s) of
the coatings in order to address the relevant biological outcomes. At a minimum, it is
recommended that the storage history of samples be recorded prior to their use and testing in

order to be able to later attempt resolution of analysis discrepancies.
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With the knowledge gained in this work, it is remarkably apparent that these lipid and
cholesterol coatings are very dynamic systems. These coatings behave very differently than
typically studied solid materials given their ability to rearrange significantly over relatively short
time frames. While this ageing study uncovered many new questions for future exploration, and
while it is interesting to note and analyze coating changes over time in in vitro conditions, the
goal of the next phases of coating analysis and development should be on the functional
optimization of the coatings. The relevant biological conditions for use, and the needed
manufacture, transport, sterilization, storage, and implant procedures should all be kept in mind
in the continued design and optimization of these coatings. The next steps of this process will be
significantly aided with the newfound knowledge gained from this chapter’s insight into the

coating’s time-dependent dynamics.

7.7 Limitations

It should be noted that the desiccator stored samples still had contact with environmental
conditions while being measured. Given the now-known dynamic nature of the coatings, it is
possible that these brief exposures to ambient conditions interfered with the results, and/or
decreased the observable differences between groups due to any water that may have been
absorbed during the SWLI measurement timeframe. In order to minimize any possible effects,
samples were placed into a small desiccator next to the SWLI in between measurements

Due to the lack of access to a controlled environmental chamber, ambient conditions
were not able to be maintained precisely and were subject to the changes in barometric pressure

and humidity of the prevailing weather patterns. It is possible that any shifts in humidity over the
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course of the study may have affected the sample groups unequally given the fact that the three
treatment groups were offset by one week from each other.

XRD samples were aged longer than the longest time point in the other tests. The XRD
samples were aged for 9 months prior to testing, and it is possible that they may have undergone
a secondary transition(s) that was not associated with changes measured in the other techniques
(DSC and SWLI). Ideally, the XRD samples should be measured at progressively longer time
points in order to better determine any possible intermediate crystalline phase transitions.

Due to limited resources and time, only long-term stored samples were tested with XRD
in this chapter. Ideally, an entire study of progressive time points with various compositions of
DOPS and cholesterol would be analyzed. However, due to the resources required for testing
numerous samples with XRD, it is advised that any future studies with XRD take place on
samples that have already been approximately optimized in cholesterol concentration, in order to
reduce the cost and time of analysis.

As mentioned previously (in Section 7.3.2), there was a lab incident that led to the loss of
most of the 12:1 samples after the first (day-1) time point. Given the fact that this chapter’s study
took over 6 months to execute, it was not practical to restart for the sake of those samples.
However, it may have been helpful to know how those samples could have possibly changed

over time in the desiccator storage location.

7.8 Future Work

The discoveries in this chapter lay a solid foundation for issues to be aware of moving
forward in the coating development and design process. There are several questions that have

arisen with the knowledge gained of the coatings’ change over time, such as confirming the exact
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compositions of any mesophase(s) in the microstructure. It would be beneficial to study the
biologically relevant factors for manufacture, storage, implantation and use, and then develop
ways to test against those conditions in order to determine what mesophases are most relevant,
all the while keeping in mind manufacture and storage effects.

Previous work had a difficult time gaining statistically significant results from the study
of DOPS and cholesterol coatings [17], and the discoveries presented above go a long way
towards explaining some of the reasons this took place. One contributing factor is substrate
induced variability (see Section 5.4), where the rough substrate surface was found to be on the
same size scale and order of the surface coatings. Another factor is the variance between samples
within a given batch, and the variance between batches due to the e-spray process, which was not
obvious using only SEM prior to the sensitive differentiating ability of the SWLI measurement
methods developed in Section 4.5. Additionally, it was found in this chapter that ageing of the
samples plays a dramatic role in coating morphology and structure. All of these parts of the
picture combine to give a better view of how future efforts should be directed, with better
awareness of the dynamics of the DOPS and cholesterol coatings, and with better tools to track
and analyze the coatings.

It is suggested that future studies work backwards from a design perspective; that they
seek to first and foremost determine the biologically relevant parameters around which to
optimize the DOPS coatings. That is, the biologically relevant media, temperature, cell response,
mechanical forces, etc., that the coating will need to address. Next, in controlled experiments,
determine the coating composition and microstructure(s) that best meets the challenges of the
environment in question. Finally, it would be advised to determine a way to store these coatings

in the recently determined optimum configuration. This approach will decrease the amount of
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wasted effort finding “ideal” storage conditions for coatings with structures that may end up
being biologically suboptimal. Conversely, by keeping the end goal of the coatings at the
forefront of the decision process, necessary compromises or design alterations can be made with
a direct awareness of the influence of the biologically relevant parameters.

It may be beneficial to fill out all of the time points for the DSC study. Limits in time and
resources allowed for the measurement of only three treatment compositions at day-one, and
week-two time points each. Given the trend reversal (increasing, then decreasing roughness) that
IS now evident in several of the treatment groups, it would be interesting to continue DSC
measurements at longer time points in order to try a bring further insight on this change. It may
also prove insightful to reproduce the ambient storage conditions study with DSC in the
desiccator storage location now that we know there are changes over time in both locations.

In regards to the confirmation and further exploration of the 12:1 groups unique
mesophase(s), it is recommended that studies be pursued using **P and ?H NMR techniques,
combined with freeze fracture SEM and further XRD analysis [169]. Studies have shown that
both cholesterol [69], [166], [169] and calcium cations [169] can induce a hexagonal phase
transition in similar DOPS systems, and it is probable that more stable concentration ranges of
DOPS and cholesterol can be found using these techniques.

Once biologically relevant parameters are determined, it may be helpful to utilize an
environmentally controllable GAXRD instrument in order to test coatings in a partially and/or
fully hydrated state. Difficulties may arise in getting a strong enough signal, and of maintaining
coating integrity over the long XRD scan times (3-8 hours), but if these factors could be
overcome, this method could provide valuable insight into any structural changes that the

coatings undergo after hydration.
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It is possible that an ageing step may actually be beneficial to the coatings, as it may act
to consolidate the coating mesophase(s), as was found to already be taking place in the 12:1
treatment group (see DSC results in Section 7.4.2). If this annealing-type process proves to be a
useful addition, it may help with the ageing problem by allowing the coatings to reach a lower
energy state and equilibrium phase, making them more stable for future study, transport and
storage.

Another area for future exploration is the development and use of an environmentally
controlled, aseptic e-spray environment. This would serve two purposes, it would start the
process of needed manufacturing changes required for making sterile implants for human use,
and it would serve to reduce any variance in coatings due to changes in environmental conditions
during the e-spray process. Additionally, it would be wise to start pursuing strategies for coating
sterilization, in order to study the effects of the chosen sterilization process on the ageing and

stability of the coatings as early in the process as possible.
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Appendix A:  Protocols

Protocol A. Titanium Square Sample Preparation

Equipment and Materials Required:

Foot actuated shear table

Titanium sheet metal

Iteratively adjust the foot-actuated shearing table’s stop plate by loosening the two
adjustment bars until the table shears 7.5 mm strips.
a. Adjust the table so that cut Ti strips are within 7.45-7.55mm (+/- 0.5mm).
b. You can check the width that the shear table cuts by testing with a piece of
scrap sheet metal until it is within specification.
Cut as many strips as desired in one direction.
Line up the cut strips together in groups of 5-10 perpendicular to the shear.
a. Itis helpful to place a spacer strip to the side of the strips to be cut so that all
strips are held securely by the retention foot during shearing
Shear the strips so that small square samples are produced.
a. Make sure that each strip individually rests against the shear stop plate in

order to insure consistent dimensions.
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Protocol B. Titanium Cleaning

Note: clean less than 20 samples at once (to prevent stacking in the beaker)
1.Sonicate for at least 15 minutes in 100 ml Acetone (stirring vigorously every 5 minutes)
2.Blow dry with lab air
3.Sonicate for at least 15 minutes in 100 ml Chloroform (stirring vigorously every 5 minutes)
4.Blow dry with lab air
5.Sonicate for at least 10 minutes in 100 ml 5% Liquinox (stirring vigorously every 5
minutes)
6.Rinse 3 times in Di water
7.Sonicate 15 minutes in 100 ml DI water (stirring vigorously every 5 minutes)
8.Rinse twice in pure ethanol
9.Blow dry with nitrogen

10. Store in closed container in a vacuum desiccator

Clean large samples (ultrasonic):

10min Acetone (rinse with tap)

10min Liquinox (rinse multiple with DI)
5min in DI

Acetone rinse/dry

>Stored in vacuum desiccator
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Protocol C. Calcium Pretreatment of Titanium Samples

Overview

Calcium from calcium chloride applied to Ti samples at a 2.25 mM concentration.

Assumptions/Parameters for this Procedure

Samples are cleaned and prepared according to separate Ti Cleaning Protocol

Supplies/equipment

o0 Calcium source - calcium chloride (anhydrous)

0 hot-plate/stirrer (temperature controlled)

Preparation

1. Weigh out CaCl,

a. 1 mole Cain CaCl,weighs 109 grams; 2.25 mM = 0.245 mg/ml; 24.5 mg in 100
ml DIH,0
Procedure

1. Place calcium chloride in 250 ml beaker

2. Add 100 ml DIH,O to beaker and set on stirrer at 37°C, at 150 RPM.

3. Cover each with lab film and stir for 24 hours, occasionally mixing (manually) to prevent
stacking effects. (note: an easy technique is to puncture a disposable LDPE pipette
through the lab film cover and use it to jet the samples around as they stir. The pipette
can be left in place until the samples are fully treated.

4. Rinse by replacing calcium solution with DIH,O in each beaker, twice.
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5. Vacuum dry and used immediately or vacuum pack in nitrogen and store at room

temperature until use.

Ca pretreatment of large samples:

Modified as follows:

Only mix 25mL of salt solution

24.5/4=6.125 mg of CaCl2 into 25mL DI water

Mix on stir/hot plate at 37C with stir bar at 120 RPM

Started at ~2:45pm
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Protocol D. Titanium Passivation

Clean surfaces: (no anhydrous methanol)

1. Note: clean less than 20 samples at once (to prevent stacking)
2. Sonicate 30 minutes in 100 ml Acetone (stirring vigorously every 5 minutes)
3. Blow dry with lab air
4. Sonicate 30 minutes in 100 ml Chloroform (stirring vigorously every 5 minutes)
5. Blow dry with lab air
6. Sonicate 15 minutes in 100 ml 5% Liquinox (stirring vigorously every 5 minutes)
7. Rinse 3 times in Di water
8. Sonicate 15 minutes in 100 ml DI water (stirring vigorously every 5 minutes)
9. Rinse twice in pure ethanol
10. Blow dry with nitrogen
11. Store in closed container in desiccator
e Alkaline cleaner if necessary (no cathodic/acidic cleaning for metals that pit or are
susceptible to hydrogen contamination effects)
o See Guide B 600 for Ti
Final surface treatment:

1. Immerse in 30% nitric acid solution for 40 minutes (at room temperature)

a. Rinse thoroughly with DI water (3x times)

b. Neutralize surface if porous

c. Blow dry with lab air

Protocol E. Titanium Surface Polishing
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Polishing Titanium with the OBRL Histology Grinders

Supplies needed:

Histology Grinder

Histology Slide - (located in right side of center island cabinet)

Ti samples - Already cut to desired size / shape

3M permenant double sided tape

240, 800, 1000, 1200 Grit sandpaper (in plastic containers on center island)

2500 grit sandpaper (these are the blue (or gray) sheets in the left side of the center island
cabinet)

Polishing Paper (usually left out on the counter to the left of the two grinders)

Calibrator set: Custom Aluminum c-clamp and micron plunge gauge (in box in the right side of

center island cabinet)

1. Mounting the Ti samples
- Use double sided tape to mount the Ti samples onto the histology slide

- Press samples firmly into tape, it may help to warm tape or press samples after adhering
to improve adhesion

- You can line up multiple Ti samples onto one slide. You may want to start with a 2x3
grid, I have had good results with a full slide of samples (usually ~80% end up polished).
- Note: To improve results, grind the histology slide flat with the 800 grit paper for 1 minute
before attaching samples.

2. Using the Histology Grinder (there are two, use the one on the right)
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Equilibrate temperature of the grinding wheel

- Turn on histology grinder with power switch on backside of the control box on the right
- Start grinding wheel spinning: turn on power button (1) on lower right front of control box
- Turn on the water
- Turn cold water on at the faucet
- At faucet tip;
- Turn off the valve that drains
- Turn off the valve to the left grinder (the green tube)
- Turn on the valve to the right grinder (the clear tube)
- Let cold water run at high flow rate over the spinning grinding wheel for 30 minutes

Check calibration of grinding wheel height

- Mount the custom Al c-clamp and plunge gauge onto the Aluminum side from on top of the
grinder

- mount the plunge gauge so that it barely touches the grinding wheel

- Check the height of the copper grinding wheel at each of the three small adjustment screw
locations

- The grinding wheel height next to all three screw heights should be at most within 1.5um

- If they are further apart than this, use the T-handled alan wrench (in drawer below grinder) to

ISLOWLY! adjust height of the three set screws

Inserting the sandpaper sheets

- Starting with the lowest number (large) grit paper, wet disk front and back at other sink

- Roll paper Grit side outwards into a somewhat tight roll from one end of the disk to the other

206



- Unroll disk and repeat above step from ~30 deg different rotation
- Repeat above step until you have rolled the paper from ~6 different directions
- The paper disk should now have a downwards bend to the edges (this is so that it will “stick’
better when applying to the grinding wheel)
- With water running and the grinding wheel spinning, turn off just the spinning ( The (O)
button on lower right side of control panel).

- While the grinding wheel is slowing down, begin inserting the sandpaper disk onto the
wheel.

- The paper should be adhered to the grinding wheel with a very thin and even film of
water.

- Turn on spinning of the grinding wheel to check that the paper is adhered and centered
3. Sanding & Polishing the Samples

Vacuum attachment of the histology slide in the grinder

- Turn on the vacuum pump associated with the right grinder (vacuum pump is located under the
control panel on the right side of the machine, and the on-off switch is on the top left of the
pump).

- Twist the vacuum pump release valve clockwise to close the circuit

- Hold the histology slide with the previously attached Ti samples to the under side of the
white polymer slide holder
- There are thin red guides at the back and right side of the holder that the histolgy slide should
rest against (ie, push the slide back and to the right while holding it up in place)

- Wait for the pressure to reach ~400 before letting go of the slide

207



Initiating a grinding/polishing step

- When you are ready to start a grinding/polishing step, place both of the metal ring weights onto
the center slide holder (there is a horizontal post facing you for attaching them) and gently allow
the slide holder to descend into contact with the grinding wheel

- Turn on left-right ocsiclating motion of the slide holder (press the (1) button just left of the (1)
button for turning on spinning of the grind wheel

- There is a timer on the center island counter for keeping track of time

- To stop grinding for a step, reverse the above directions. Make sure to stop the left right
oscilation of the slide holder while it is at the center of its path

Polishing steps

- Use the following paper grits in this order:
- Optional: 240 or 320 Grit paper first for 5-40minutes (it is faster than the 800 grit)
- 800 grit for ~5-60 minutes (you will need to check to see if all of the samples are evenly worn)
- 1000 grit for 7 minutes
- 1200 grit for 7 minutes
- 2500 grit for 7 minutes
- Polishing paper for 8 minutes (these sheets can be reused many times, dont discard)
3. Tear down and clean up
- After removal of the histology slide and sanding paper, use the plant watering bucket located in
the center island cabinet to rinse the copper grinder wheel
- Fill the bucket with hot water from the other sink and pour over the spinning grinding wheel
- Repeat above step twice (for a total of three rinses)

- Turn off water at faucet, turn off power to vacuum pump and turn off power to the grinder
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control panel
- Depending on how long they were used, you can save the sandpaper disks for later use by

rolling them and storing them in your chosen location

Additional Notes:

- Record how many sheets of sandpaper you consume.

- Sandpaper sheets can be reused. They should each last for around 20-25 minutes of polishing.
- The final polishing sheet can be reused longer, do not discard.

- Always check with the histologist (Bob or Cecily) if in doubt, these are their instruments.
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Appendix B:  Atomizing Nozzle Spray Deposition Methodology

Development

An atomizing spray methodology was developed in order to deposit the DOPS and
cholesterol coatings onto titanium and titanium alloy substrates. In brief, an air compressor was
used for the high pressure air source and a digital airflow regulator was used to more finely
control the air flow to an airbrush. The airbrush was then used to spray the phospholipid
solutions onto 1 cm by 1 cm titanium (Ti) squares. The coated Ti squares were then dried in a

vacuum to be later characterized using various microscopy techniques.

Equipment Used

A 2 hp, 8 gallon 115 maximum psi air compressor was acquired from Harbor Freight
Tools (item 95386-1VGA) and used as the high pressure air source. A picture of the air

compressor used in this study can be seen in Figure 8-1.

Figure 8-14 2 HP 8 gallon air compressor [171].
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A hobbyists” airbrush kit was acquired from Harbor Freight Tools (item 47791-2VGA)
and used for spraying the lipid mixtures. A picture of the airbrush kit used in this study can be

seen in Figure 8-2.

Figure 8-15 Airbrush kit [171].

A digital air flow regulator was acquired from Harbor Freight Tools (item 98426-1VGA)
and used for fine control of the air flow arriving at the airbrush. A picture of the digital air flow

regulator used in this study can be seen in Figure 8-3.
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Figure 8-16 Digital air flow regulator [171].

Additional equipment used includes standard pneumatic hoses and connections required
to connect the air compressor, regulator, airbrush, etc. Ring stands, beakers, vials and various

other equipment were also used from the lab as required.

Materials Used

All phospholipids used were obtained from Avanti Polar Lipids, Inc. The
phosphatidylcholine used was 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), catalog
number 850356P and was ordered in powder form [172]. The phosphatidylserine used was 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), catalog number 840035P and was ordered in
powder form [59]. The chloroform, methanol and DI water used were from standard chemistry
stock.

The titanium used was acquired from Titanium Joe (1000 Parkland drive, Kingston,

Ontario). The titanium is commercially pure grade 2 and was ordered as 0.016” thick sheets.
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Sample Preparation Methods

To prepare the Ti squares, the sheet Ti was hand cut into 1 cm by 1cm squares using tin
snips. If necessary, the squares were flattened with a hammer and then washed according to the

procedure outlined in Table 8-1.

Table 8-2 Wash protocol for Ti squares

1 Note: clean less than 20 samples at once (to prevent stacking)

Sonicate 30 minutes in 100 ml Acetone (stirring vigorously every 5
minutes)

Blow dry with lab air

Sonicate 30 minutes in 100 ml Chloroform (stirring vigorously every 5
minutes)

5 Blow dry with lab air

Sonicate 15 minutes in 100 ml 5% Liquinox (stirring vigorously every 5
minutes)

Rinse 3 times in Di water

Sonicate 15 minutes in 100 ml DI water (stirring vigorously every 5

minutes)
Rinse twice in pure ethanol
10 Blow dry with nitrogen
11 Store in closed container in desiccator

For the phospholipid solutions, different molar concentration solutions were prepared by
weighing the appropriate amount of phospholipid and then adding it and the appropriate amount
of chloroform to a glass vial. The glass vials used had a Teflon cap liner added to the lid in order
to withstand the chloroform. The prepared lipid solutions were stored in a -20 C freezer when not
in use. Example phosphatidylserine weights and chloroform volumes for various concentration

solutions are given in Table 8-2.
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Table 8-3 Weight of phospholipid and volume of chloroform used for various concentrations of
phospholipid solution.

Conce Phosphatidylserine Chloroform
ntration (mM) Weight (grams) Volume (mL)
25 0.02025 1
50 0.04050 1
75 0.06075 1
100 0.08100 1

Atomizing Spray Methods Development

During spraying, the airbrush and Ti square being coated were kept inside a fume hood.
A ring stand was used to support the holding mechanism for the Ti square being coated. One Ti
square was sprayed at a time, with the airbrush tip typically being held between 1 and 2 inches
away from the Ti surface.

The finely adjustable digital airflow regulator was placed directly upstream of the small
airbrush hose. The main airflow regulator on the air compressor was used to roughly restrict the
air pressure to less than 90 psi in order to protect the airbrush. The digital airflow regulator was
then used to more finely adjust the airflow before it reached the airbrush. Given the airbrush
handle has a simple on/off button to allow airflow, control of the airflow for coating purposes
was therefore adjusted by means of the latter digital airflow regulator. The digital regulator’s psi
reading drops during spraying due to the increased drain in the line, so settings are given at a rest
state (i.e. when the airbrush is not spraying). A typical resting setting of the digital regulator is 70
psi.

The nozzle coming from the spray solution on the tip of the airbrush can be opened or
closed in order to adjust the volume of spray. In order to have a reference for later use,

graduations on the nozzle were marked from 0-6. This is such that when the nozzle is twisted
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fully shut, the marking will read 0, and conversely, when it is opened wide it will read 6. A
typical set of spray parameters for the regulator and nozzle are 70 psi on the regulator and ‘2’ on
the nozzle.

The airbrush kit used came with two large glass vials for the spray solution. These vials
were significantly larger than needed for the small spray volumes used in this study.
Modifications were therefore made to allow smaller glass vials to be attached to the airbrush. A
small glass vial lid was drilled out to accommodate the airbrush intra-vial receptor tube. The
small vial lid was then glued with cyanoacrylate to the inside of the airbrush’s built in threaded
lid. In this way, both the larger, original glass vials, as well as the smaller glass sample vial are
able to be attached to the airbrush. In addition, an adapter was made so that an even smaller glass
vial could be attached to the airbrush. This adapter consists of a small glass sample vial’s
threaded portion attached to the hollowed out portion of the regular sized sample vial’s lid. This
allows the use of both a regular and small sample vial with the airbrush.

The intra-vial receptor tube built into the airbrush tended to swell during spraying with
chloroform, so it was replaced with the fluorinated hose from an electro spraying setup (i.e. the
hose between the syringe and the electrically charged spray needle). This replacement hose

performed well, with minimal/negligible swelling.

Spray Methodology Development with Phosphatidylcholine

Initial practice with the airbrush was performed using only chloroform. The spray
parameters were optimized such that a thin even film of chloroform was sprayed onto the surface
of the Ti square. After the initial setup and practice with chloroform, a 100 mM

phosphatidylcholine-chloroform solution was then added to the airbrush and sprayed with similar
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settings. The spray behaved significantly different due to the addition of the phospholipid and the
settings were adjusted again in order to mimic the chloroform only spray pattern. The
phosphatidylcholine-chloroform spray parameters associated with an even thin wetting film

across the Ti square’s surface were 56 psi at the regulator and 3’ at the nozzle.
Results

These setting produced an even wetting of the surface during spraying. However, after
drying in a vacuum, the surfaces appeared splotched and splashed with large craters in the
coating on the microscale. An SEM picture of a representative phosphatidylcholine surface

coating at 25X and 200X are given in Figure 8-4 and Figure 8-5 respectively.

EM Center SEI 15.0kV X225 Tmm WD 10.0mm

Figure 8-17 SEM of DSPC coated Ti at 25X.
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EM Center SEI 15.0k¥Y X200 100um WD 10.0mm

Figure 8-18 SEM picture of DSPC coated Ti at 200X.

As can be seen in Figure 8-4 and Figure 8-5, large splashes and globs can be seen across
the surface of the Ti square. It can be noted that the “splashes’ tended to be larger closer to the
edge of the Ti square. Upon very close inspection, the ‘globs’ on the surface (such as the one
seen in the lower left middle of Figure 8-5) had repeating patterns typical of a dehydrated
phospholipid structure. In addition, the coatings with this spray method were fairly inconsistent,

with some samples being significantly blotchier than others at similar spray parameters
Conclusions

This spray method was concluded to be unacceptable due to the irregularities on the
surface and inconsistency between samples. Further work was performed to optimize the spray

parameters.
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‘Dry’ Spray Method with Phosphatidylcholine

In order to improve the surface coatings, the spray parameters were adjusted so that the
spray from the air brush was ‘dry’. In this way, the bulk of the chloroform was evaporated before
reaching the surface. When spraying with these settings, the surface appears to fog, instead of
having a wet film on it. The phosphatidylcholine-chloroform spray parameters associated with

this “dry’ spraying method are 70 psi at the regulator and ‘1.3” at the nozzle.
Results

These setting produced progressive fogging of the surface during spraying, which was
easily controlled due to the relatively slow deposition rate. After drying, the surfaces appeared
very even with negligible splotching/abnormalities across the surface. An SEM picture of a
representative phosphatidylcholine surface coating using the ‘dry” spray method at 50X and

500X are given in Figure 8-6 and Figure 8-7 respectively.

218



SEl  150kV X5 100um WD 9.9mm

Figure 8-19 SEM picture of DSPC coated Ti with ‘dry’ settings at 50X.
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EM Center SEI  150kV X500  10um WD 9.9mm

Figure 8-20 SEM picture of DSPC coated Ti with ‘dry’ settings at 500X.

As can be seen in Figure 8-6 and Figure 8-7, the surface is very even. A consistent

coating of DSPC was seen across the whole Ti surface.

Discussion and Conclusions

This spray method was concluded to be acceptable due to the regular, even coatings.
Similar surfaces to Figure 8-6 and Figure 8-7 were also obtained with lower concentration
phosphatidylcholine-chloroform solutions. Therefore, further work was performed using this
‘dry’ spray method with the more expensive DOPS phospholipid.

It can be noted that this “‘dry’ method makes sense using the basic concepts during the
spraying process. As the venturi effect during spraying creates a vacuum at the airbrush nozzle,

the chloroform is for the large part evaporated while the lipid is propelled forward to the Ti
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surface. It therefore makes sense that the more consistent surface is created when the chloroform
is consistently evaporated to near completion at the airbrush nozzle. During a ‘wet’ spray, the
phospholipid-chloroform solution would dry non-homogenously leading to splashes of lipid and

inconsistent results.

Spray Methodology with Phosphatidylserine

Having optimized the general spray parameters with DSPC, DOPS was used next to coat
Ti squares. The spraying process behaved very similarly with DOPS as it did with DSPC. Small
adjustments were made to the spray parameters such that a typical parameter set is 70 psi at the
regulator and ‘1.5-2” at the nozzle depending on the phosphatidylserine-chloroform

concentration.
Results

As with the ‘dry’ DSPC samples, this method also produced progressive fogging of the
surface during spraying with an easily controllable deposition rate. After drying, the surfaces
also appeared very even with minimal abnormalities across the surface. An SEM picture of a
representative phosphatidylserine surface coating using the ‘dry’ spray method at 50X, 500X and

2,000X are given in Figure 8-8, Figure 8-9 and Figure 8-10 respectively.
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EM Center S 50kV  X50 100um WD 10.7mm

Figure 8-21 SEM picture of DOPS coated Ti at 50X.
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50KV X500 10pum WD 10.7mm

Figure 8-22 SEM picture of DOPS coated Ti at 500X.
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EM Center S 50KkY  X2,000 10pum WD 10.7mm

Figure 8-23 SEM picture of DOPS coated Ti at 2,000X.

As can be seen in Figure 8-8, Figure 8-9 and Figure 8-10 the surfaces produced with the
‘dry” method are very even. A consistent coating of DSPC was seen across the whole Ti surface.
It should be noted that unlike the DSPC surfaces, very small liposomes are apparent at high

magnifications. These spheres are on the order of 300 nm to 1 pum in diameter.

Discussion and Conclusions

During the method development, it was found that multiple concentrations of DOPS-
chloroform could be sprayed. 25, 50 and 100 mM concentrations were used, however, the
highest concentration solution tended to be more difficult to work with and tended to clog the

receptor hose more easily. Both the 25 and 50 mM concentrations spray relatively easily, so
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future flexibility in deposition amounts can be achieved by using higher or lower concentrations
in this range.

This spray method was also concluded to be acceptable due to the consistently regular,
even coatings. Therefore, further work was continued using this ‘dry’ spray method with DOPS

phospholipid.
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Appendix C:  Differential Scanning Calorimetry Measurements

for DOPS and cholesterol coatings

Expiremental Methods

Differential Scanning Calorimetry (DSC) sample pans were coated using an aerosol spray
deposition method (see Appendix B: Atomizing Nozzle Spray Deposition Methodology
Development). Two DOPS:cholesterol treatment groups were tested. A 20mM DOPS in
chloroform solution was used for both groups, with cholesterol being added at a 12:1
(DOPS:cholesterol) and 1:1 molecular ratio (resulting in 1.667 mM and 20 mM cholesterol
concentrations, respectively). 2mL of solution was aerosol sprayed onto 3 DSC pans for the 1:1
group, and 2.66 mL of solution sprayed onto 2 pans for the 12:1 treatment group. The coated
pans were then left to dry in a vacuum desiccator for at least 72 hours prior to testing with the
DSC.

A DSC 2920 Modulated DSC (TA Instruments, New Castle, DE) was used to analyze the
phase transition of the DOPS and cholesterol coatings between 0 and 100C. A 2° C/min ramp
rate was used to cycle the DSC sample from room temperature (24° C) to 100° C and back twice
(i.e., two heating and two cooling ramps). The sample was then cooled all the way to 0° C, after
which it was cycled up to 100° C and down to 0° C twice (for a complete total of 4 heating
cycles, and 4 cooling cycles).

The Tim points tested were as follows; both the 12:1 and 1:1 (DOPS:cholesterol)

treatment groups were tested at immediately following vacuum drying (time O time point), and
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after two weeks of ageing in atmospheric conditions (2 week time point). The DSC pans were

sealed just prior to measurement with DSC in each case.

Measurement Results

Sample: 12101 aspray dsc pan timed DSC File: C:..\12101 aspray dsc pan time0.001
Size: 4.3000 mg Operator: Trey
Method: asprayed DOPSchol 8 cycle Run Date: 20-Nov-2012 11:45

Instrument: 2820 MDSC V2.6A
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Figure 8-24 Day-1 DSC of 12:1 group. The top 4 curves are heating scans, and the bottom 4 are
cooling scans. Curves are displaced along the y axis for presentation. Scan rate was 2°C/min, exotherms face

downward.
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Sample: 12to1 aspray dsc pan week 2 DSC File: C:..\12to1 aspray dsc pan week 2.001
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Figure 8-25 Week-2 DSC of 12:1 group. Curves are displaced along the y axis for presentation. Scan
rate was 2°C/min, exotherms face downward.

Sample: asprayed 1to1 DOPS Chol Pan 1 DSC File: ..\2011-07-12_DSC_aspray_1to1_Pan1.001
Size: 7.4000 mg Operator: wpr
Method: Cyclic Run Date: 07-Nov-2012 15:06
Instrument: 2820 MDSC V2 6A
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Figure 8-26 Day-1 DSC of 1:1 group, first run. Curves are displaced along the y axis for presentation.
Scan rate was 2°C/min, exotherms face downward.
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Sample: asprayed 1to1 Pan 1-3 2nd day DsC File: 2011-07-12_DSC_aspray_1to1_Pan1-day2 ...

Size: 7.4000 mg Operator: wpr
Method: Cydic Run Date: 08-Nov-2012 11:04
Instrument: 2820 MDSC V2.6A
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Exo Down Temperature (*C) Universal V454 TA Instruments

Figure 8-27 Day-1 DSC of 1:1 group, second run. Curves are displaced along the y axis for
presentation. Scan rate was 2°C/min, exotherms face downward.

Notes: The day-1 DSC measurements of the 1:1 group was run in two sessions. That is,
the high temperature cycles between 24-100° C were run first (Figure 8-13), followed the next
morning by the full 0-100° C cycles (Figure 8-14). The noisy curves (for cycles 2, 3 and 4) and
the sharp exothermic peak at the end of cycle 1 (in Figure 8-13) is interpreted as an instrument

control artifact due to an improperly controlled liquid nitrogen ballast.
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Sample: 1to1 aspray dsc pan 2week DSC File: 1to1 aspray dsc pan 2week top rotated. ..
Size: 52000 mg Operator: Trey
Method: asprayed DOPSchol 8 cycle Run Date: 21-MNov-2012 11:18

Instrument: 2820 MDSC V2.6
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Figure 8-28 Week-2 DSC of 1:1 group. Curves are displaced along the y axis for presentation. Scan
rate was 2°C/min, exotherms face downward.
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Appendix D:  Scanning White Light Interferometry Ageing Study:

Measurement Time Points Schedule and Weather Almanac Tables

SWLI Measurement Schedule for Ageing Study

Task Name Start Finish
1 E-Spray 1st round: DOPS & DOPS-no-Ca Mon 1/2/12 Tue 1/3/12
2 Day 1: SWLI DOPS Groups Wed 1/4/12 Fri 1/6/12
3 SWLI measure controls Mon 1/9/12 Mon 1,/9/12
4 E-Spray 2nd round: 12:1 & 12:1-no-Ca (w/ DOPS referrence) Mon 1/9/12 Tue 1/10/12
5 Day 1: SWLI 12:1 Groups Wed 1/11/12  Fri 1/13/12
6 E-Spray 3rd round: 1:1 & 1:1-no-Ca (w/ DOPS referrence)  Mon 1/16/12 Tue 1/17/12
7 Day 1: SWLI 1:1 Groups Wed 1/18/12  Fri 1/20/12
8
9 4 Week: SWLI DOPS Groups Wed 2/1/12 Thu 2/2/12
10 4 Week: SWLI 2nd round Wed 2/8/12 Thu 2/9/12
11 4 Week: SWLI 1:1 Groups Wed 2/15/12 Thu 2/16/12
12
13 12 Week: SWLI DOPS Groups Wed 3/28/12 Thu 3/29/12
14 12 Week: SWLI 12:1 Groups Wed 4/4/12 Thu 4/5/12
15 12 Week: SWLI 1:1 Groups Wed 4/11/12 Thu 4/12/12
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SWLI Measurement Schedule for Ageing Study — Graphical Timeline

T 012 - February 2012
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Weather Almanac Table Coinciding with SWLI Ageing Study — January

20

ral

23

24

2

28

p: ]

30

kil

Temp. (°F)
high avg
35 27
£ 30
51 38
51 7
58 28
50 38
38 32
38 peac]
50 36
55 40
41 26
42 24
51 37
55 38
53 38
42 27
pri: 14
48 30
&0 =1
55 42
51 36
46 35
44 a0
4 34
64 40
) 40
a4 34
4z 27
&0 40
57 28
48 36

23

30

24

24

21

24

23

2

24

42

30

21

21

23

21

30

Dew Paint (°F)

high
19
27
27
28
24
el
28
21
28

34

2
21

23

28
7
28

7

28
27

27

21
23

il

avg

15

bl

il

Humidity (%)
high avg
a0 66
86 66
53
74 58
&9 47
B0 57
B0 7
83 69
64
86 59
86 65
25 5]
59 40
63 40
] 46
53 69
100 69
79 48
43 35
75 41
86 67
[ 43
20 60
93 62
93 59
=0
86 60
93 61
84 38
84 40
&9 £

44

40

34

39

7

3

7

29

41

23

20

23

29

ow

Sea Level Press. (in)

high
3081
3081
30.37
30.38
3027
301
30.14
3020
3026
3012
3018
3010
30.08
3013
2587
30.02
30.16
29.97
28.78
20.98
29.88
29.86
29.90
302
3018
3011
3028
3029
30.18
29.56

30.08

avg

3045

30.42

30.22

30.34

30.08

30.02

30.01

3015

30.20

29.92

30.08

30.05

30.00

30,03

2879

2875

30.08

29.80

29.70

2979

2961

29.84

30.00

30.04

30.01

30.05

3021

301

29.87

29.99

lowr

3028

30.24

30.13

30.28

29.89

29.89

29.92

30.12

30.14

29.79

29.82

2598

29.98

29.88

2967

2961

29.99

29.68

29.60

29.60

29.29

29.25

29.80

2978

2991

25.80

2578

3015

30.00

2878

29.90

Comma Delimited File

233

Visibility (mi}
high avg
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 ]
10 9
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 10
10 9
10 10
10 10
10 10
10 10

Wind (mph)
high

] S

8 3

10 4

10 4

10 5

15 5

13 T

10 3

g 2

13 3

34 18
20 [

18 7

7 9

18 5

16 7

10 5

20 9

33 18
26 "
18 4

34 15
15 6

26 T

26 3

18 10
26 10
1z 7

14 5

10 4

15 6

avg

high

40

P

21

k1l

43

38

24

44

3

a7

33

33

Precip. (in}

sum

Events



Weather Almanac Table Coinciding with SWLI Ageing Study — February
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Weather Almanac Table Coinciding with SWLI Ageing Study — March
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Weather Almanac Table Coinciding with SWLI Ageing Study — April
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Appendix E:  Glancing Angle X-ray Diffraction Background

Background Spectra of Uncoated Polished and Passivated TigAl:V

Small Angle Results:
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Wide Angle Results:
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