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ABSTRACT OF THE DISSERTATION

Refinement of Nanocomposite Coating and Magnesium Substrate Surface Properties for
Improved Degradation Resistance and Bone Cell Adhesion

by
Ian James Johnson
Doctor of Philosophy, Graduate Program in Bioengineering
University of California, Riverside, June 2016
Dr. Huinan Liu, Chairperson

The mechanical and biological properties of magnesium (Mg) alloys are well-
suited for biodegradable bone implants, but rapid degradation limits their use for implant
applications. Modern advancements in material science offer solutions to this challenge.

Addressing the rapid degradation of Mg alloys requires a deeper understanding of
their degradation processes. Mg degradation is the result of multiple interacting factors
including: alloy composition, alloy surface type, and immersion media. It was
demonstrated that an alloy composition/surface type pair that reduced degradation in one
immersion media could increase degradation in a different immersion media. This
demonstrates that a Mg alloy designed for slower degradation in general may actually
increase degradation in certain environments. Mg alloys should be designed for the
specific application and environment for which they are intended.

Nanophase hydroxyapatite (nHA)/polymer nanocomposite coatings were
developed as an additional means of controlling Mg alloy degradation. Delamination can
limit the functionality of the coatings, but can be prevented through engineering controls.
Three different polymers were investigated as components for the nanocomposite
coatings; all of them significantly reduced Mg degradation. Post-deposition processing of

v



the coatings and surface treatments of the Mg substrates may also improve the barrier
qualities of the coatings. Furthermore, the nanocomposite coatings improved bone cell
adhesion to the Mg substrates. Poly(caprolactone) (PCL) was the most effective polymer
coating component for reducing Mg degradation because it has low water permeability
and mechanical properties that minimize internal stress. Guidelines for the rational design
of nanocomposite coatings were elucidated over the course of this investigation, which

will aid in the clinical translation of Mg alloys as biomaterials for bone implants.
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Chapter 1-  Introduction

1.1- The Advantages of Biodegradable Implants

Implants made from non-degradable materials like titanium (T1) have improved
the quality of life for numerous patients, especially when it is desirable that the implants
remain functional for long periods of time (e.g. joint replacements). However, certain
implants (e.g. internal fixation devices) only serve a necessary purpose for a set period of
time. The use of biodegradable materials will avoid the need for surgical removal when
those implants have fulfilled their purpose for that set period of time. Magnesium (Mg)
alloys are biodegradable alternatives to non-degradable materials like Ti, and possess
many desirable mechanical and biological properties [1, 2]. However, Mg alloys degrade
too rapidly in vivo. The clinical translation of Mg alloys as biodegradable materials
requires that their degradation be controlled through methods such as alloying,
processing, coating, or a combination thereof.

Biodegradable implants are desirable for some applications because the long-term
residence of exogenous materials in the human body can cause complications. A longer
residence time for implants presents more time for those complications to occur; such as
chronic pain [3], immune response [4], and osteolysis [5]. The human body may also lack
pathways to clear wear particles or debris that are released from non-degradable
materials, which can stimulate immune responses and is another major cause for implant
revision [6]. In addition, exogenous materials are generally encapsulated within fibrous

tissue [7], which can limit osteointegration and implant stability [8]. Furthermore,



infection 1s a commonly occurring complication in implants [9, 10] and occurs in around
5% of internal fixation devices [11].

Many of these complications may be addressed by surgically removing implants
after they have fulfilled their function for the set period of time and are no longer needed
[12]; but that additional surgery also has risks that include infection, re-fracture of bone,
nerve damage, and limited mobility [13]. The frequency and severity of these
complications vary greatly depending upon the hospital were the surgery was performed
and the skill of the surgeon (Figure 1.1) [13]. For these reasons, there is considerable
debate among clinicians about when or if implants should be surgically removed. The use

of biodegradable materials could avoid the need for this contentious debate.

® No Complications

®m Complications Appeared

Intramedullary
Femoral Nails

Intramedullary
Tibial Nails

Ankle Plates

1]

T T T

25 50 i 100

Frequency of Occurrence (%)

<

Figure 1.1: Frequency of complications occurring after surgical removal of implants.
Common complications included infection, re-fracture of bone, and nerve damage. (Data
obtained from [13]).



1.2- Mg Alloys Have Many Desirable Properties for Biodegradable Implants

Mg alloys have many properties that are well suited for biodegradable implant
biomaterials. Their mechanical properties mimic cortical bone [14], which enables them
to be used as load bearing materials while minimizing stress shielding [2, 15].
Furthermore, the degradation products of Mg are non-toxic and rapidly excreted from the
body [16]. Mg-based materials also have many desirable interactions with cells and
tissues such as: Mg can inhibit osteolysis induced by wear particles [17], Mg implants
may have thinner fibrous capsules than similar Ti implants [18], Mg incorporation on Ti
surfaces can increase the adhesion and differentiation of osteoblasts in vitro [19], Mg
implants can have more bone growth on them than similar Ti implants in viveo [20], and
Mg implants can adhere more strongly to bone than similar Ti implants in vivo [1]. For

these reasons, Mg alloys have great potential as biodegradable bone implant biomaterials.

1.3- Rapid Degradation Limits the Clinical Translation of Mg Alloys for
Biodegradable Implants

Despite the many desirable properties of Mg alloys for biomedical implant
applications, their rapid in vivo degradation remains a challenge [21-23]. Rapid
degradation can result in the mechanical failure of Mg implants before the healing tissues
regain their mechanical strength. Rapid Mg degradation also produces excessive amounts
of hydroxide ions (OH") and hydrogen gas (Hz). The OH" can significantly increase the
local pH, which may adversely affect cells. The H, evolution can lead to the formation of
gas cavities in the tissue [24] and delamination of coatings from Mg substrates [25].

Controlling the degradation rate of Mg alloys will mitigate these complications.



Most Mg degradation in physiological environments occurs through reaction 1
below [26-28]. In aqueous environments, a degradation layer composed of Mg(OH),
forms on the surface of Mg through reaction 1b. This degradation layer provides only

limited protection to Mg from subsequent degradation due to its loose and porous

microstructure.
Mg + 2H20 — Mg** + 20H™ + Hat (1a)
Mg?* + 20H™ <> Mg(OH)2| (1b)

Abundant chloride ions (CI) in physiological fluids undermine the degradation
layers on Mg surfaces. Microgalvanic coupling causes the o phase of Mg alloys to
degrade more rapidly than the B phase [29]. Cl- is electrochemically transported to the
more anodic o phase where it 1s adsorbed [30]. The adsorption of Cl" to Mg was greater
than the adsorption of other halide ions to Mg, which has been demonstrated by the
greater surface capacitance of Mg afier exposure to Cl- [29]. Adsorption of halide ions
onto Mg is competitive [31]. The magnitude by which halide ions reduce the corrosion
potential of Mg is proportional to the solubility of the products that halide ions form with
Mg [32], and MgCl: is highly soluble. Cl" is corrosive to Mg alloys because of the
combination of electrochemical transportation of Cl™ to anodic regions, high adsorption of
CI" onto the surface of Mg alloys, and the high solubility of the products that C1- forms
with Mg. For these reasons, Cl" undermines the degradation layer and exposes the
underlying Mg substrate, which makes it vulnerable to further degradation.

Other compounds or ions in physiological fluids may also influence Mg

degradation [33], and some can have a protective effect. Phosphates can increase the



density of the degradation layer and increase its resistance to CI- attack [34]. Carbonates
can increase the stability of the degradation layer and inhibit pitting degradation
processes [35]. The amount of physiological fluids in a location also affects Mg
degradation.

Mg tends to degrade more quickly in the soft tissue or bone marrow than in
cortical bone due to the differing amounts of physiological fluids [2-5]. This can cause
the thread and head of screws to dissolve more rapidly than the shaft [36]. The varying
fluid content also causes differences between in vivo and in vitro degradation rates [37-
40].

The degradation rate of bone implants should be tailored to match the growth rate
of bone tissue [41-43]. Excessively rapid degradation may create a gap between the
implant and bone [44], while excessively slow degradation may impair healing. Mg
implants can have a clinically equivalent outcome to Ti implants when Mg degradation is
sufficiently controlled [2]; which can be accomplished through methods such as alloying,

processing, surface modifications, coatings, or a combination thereof.

1.4-  Alloy Composition and Processing can Reduce Mg Degradation

Other elements are frequently added to Mg alloys to control their properties, such
as increasing their degradation resistance. Yttrium (Y) is a commonly used alloying
element for Mg alloys; and is added to increase their mechanical strength [45, 46],
ductility [47], and degradation resistance [48-52]. However, Y exhibits both degradation
inhibiting and degradation promoting activities in Mg alloys. The net effect of these

contrary activities upon Mg degradation depend on the interactions between multiple



factors such as alloy composition, alloy surface type, and physiological ions in the
environment [53].

Yttrium oxide (Y203) accumulates in the degradation layer when Y migrates to
the metal surface and is oxidized [54-56]. When a stable degradation layer is present,
yttrium oxide in the degradation layer can slow down Mg degradation by inhibiting
cathodic reactions [56]. When the degradation layer is not stable, Y can promote
microgalvanic corrosion by making the B phase more cathodic [54]. The initial alloy
surface plays a critical role in determining the net effects of Y upon the degradation of
Mg alloys [53]. Furthermore, certain alloy compositions and surface properties that
improve degradation resistance in one environment may accelerate degradation in another
environment. Therefore, it is important to clucidate the interactions between the factors
influencing Mg alloy degradation; that knowledge is needed to tailor Mg alloys for their

intended applications in vivo.

1.5- Mg Substrate Surfaces Affect Degradation and Coating Adhesion

In addition to the bulk properties of alloys, their surfaces also influence their
degradation [57, 58] and the adhesion of coatings. For example, sandblasted Mg surfaces
degrade faster than threaded Mg surfaces, which in turn degrade faster than smooth Mg
surfaces [59]. A rougher surface provides a larger surface arca for binding and can
mechanically interlock with coatings. Substrate surfaces can also be modified to alter
their chemistry, which may alter the surface’s affinity for coatings. Different surface
modifications have varying effects with different types of coatings [60, 61]. The surface

roughness also affects the cell adhesion and bone volume/tissue volume ratio (BV/TV) in

6



vivo [62]. Substrate surface processing or modifications may work in conjunction with

alloy composition, bulk alloy processing, and coatings.

1.6- Coatings can Control Mg Degradation and Surface Properties

Coatings are another mechanism for controlling Mg degradation, and can be
combined with other methods of degradation control like alloy composition [63, 64].
Coating properties can be complementary to the bulk Mg properties; so that the coatings
control Mg degradation and bioactivity, while the Mg substrates support load-bearing
activities. Multiple coatings or surface treatments may also be combined with each other
[65, 66]. Coatings can perform multiple functions simultaneously such as controlling
degradation, controlling interactions with cells and tissue, and controlled release of drugs

[67]. These abilities make coatings a versatile method for controlling Mg degradation.

1.6.1- Hydroxyapatite Coatings

Hydroxyapatite (HA; Ca;o(PO4)s(OH);) is the predominant phase of calcium
phosphate (CaP) in natural bone and has excellent osteoconductivity [68-70]. The size
and structure of HA influences its biological and mechanical properties. Nanophase-HA
(nHA) has improved osteoconductivity compared to HA with larger particle sizes [71,
72]. The shape of HA particles affects their interactions with cells; rod shaped HA
particles may have increased cell proliferation and ALP activity compared to flake
shaped HA particles [73]. The barrier properties of coatings are also affected by HA
particle size and morphology; nHA coatings may provide less protection from

degradation to underlying Mg substrates than HA coatings with larger particle sizes [74].



Mesoporous HA structures can ameliorate damage from residual stress, reduce
penetration of electrolyte, and reduce Mg corrosion rates [75]. The wide range of
properties for HA enables it to be fine-tuned for specific applications.

HA as a single material alone has limited use in load-bearing applications due to
its inherent brittleness, but is frequently used as a coating material for metallic substrates
such as Mg due to its excellent biological properties [21]. However, the brittleness of
HA and its thermal expansion coefficient mismatch with metallic substrates can cause
cracking in coatings [76]. In addition, a HA coating that adheres weakly to its substrate
may limit the adhesion strength between an implant and bone [77].

HA coatings can be deposited through numerous methods such as: plasma spray,
sol-gel, chemical deposition [78-81], biomimetic deposition [82], electrophoretic
deposition [83], and electrochemical deposition [21, 84]. There are two general strategies
for depositing HA coatings: (1) synthesizing HA first and then depositing it onto the
substrate; and (2) simultaneously synthesizing HA and depositing it onto the substrate.
The first strategy offers the most control over the properties of HA, but requires multiple
steps. Furthermore, the painstakingly fine-tuned properties of the HA may be altered
during the coating deposition process. High temperature coating processes such as plasma
spray can change the phase of HA [85], alter the crystallinity of HA [85], or increase the
size of HA particles. Alternatively, low temperature coating processes often create
coatings with lower adhesion strength unless there is subsequent heat treatment [21]. The
second strategy for depositing HA coatings is often simpler, but provides less control

over the properties of the HA in the coating.



1.6.2- Polymer Coatings

Polymers commonly used to coat Mg alloys include poly(lactic-co-glycolic acid)
(PLGA) [25, 86, 87], poly(L-lactic acid) (PLLA) [88-90], and poly(caprolactone) (PCL)
[66, 88, 89,91, 92]. These polymers have good biocompatibility because their
degradation products are naturally occurring metabolites such as lactic acid, glycolic
acid, and 6-hydroxyl caproic acid [93]. These synthetic polymers degrade primarily by
hydrolysis of their ester bonds by water molecules.

PLGA is one of the most commonly used polymers in implants due to its physical
properties and biocompatibility [94, 95]. The degradation rate [96] and water absorption
[97] of PLGA can be tailored by altering the ratio of lactic acid to glycolic acid. PLGA
coatings have been used to significantly reduce Mg degradation [25, 86, 87], but may
delaminate due to H» evolution [25]. PLGA also has mediocre cell adhesion [98, 99],
which limits bone growth at the implant site.

PLLA is another commonly used polymer in implants because of its high
mechanical strength and biocompatibility. PLILA has an additional methyl group that
increases its hydrophobicity and sterically hinders hydrolysis of its ester bonds. These
properties enable PLLA coatings to provide significant protection from degradation to
Mg substrates [88-90]. However, PLLA is brittle, which limits its use as a load bearing
material. Additionally, PLI.A also has an excessively long degradation time and
mediocre bioactivity, which can lead to poor bone ingrowth at the implant site [100-102].
The impaired bone ingrowth may be exhibited by an empty hole outlining the original

implant site after implant dissolution or surgical removal [101, 103, 104].



PCL is one of the earliest used polymers for biomedical implants [93]. The low
melting temperature of PCL makes it casy to process, especially when combined with
pharmaceuticals or proteins that are vulnerable to heat or organic solvents. This makes
PCL a good coating material when drugs or bioactive factors are incorporated into the
coating. However, PCL has an excessively long degradation time and mediocre
bioactivity.

The polymers PLGA, PLLA, and PCI. were chosen for this investigation because
of their extensive history as implant biomaterials, ease of use as coating materials, and
diverse properties. Comparing the different outcomes of the coatings can provide

knowledge about which properties are beneficial to their function in this application.

1.6.3- Nanocomposite Coatings

The combination of Mg substrates, nHA, and polymers has many advantages that
mitigate some of the challenges encountered when using those materials alone (Figure
1.2). The Mg substrate provides the mechanical strength and fracture toughness needed
for load bearing applications. The nHA/polymer coating reduces the degradation rate of
the Mg substrate. Dispersing nHA in a flexible polymer matrix can prevent the crack
propagation that is frequently observed in nHA coatings [66]. Dispersion of nHA
particles throughout a polymer matrix improves both the mechanical strength and the
bioactivity of that polymer matrix [105-109]. The incorporation of nHA has been shown
to significantly improve cell adhesion to PLGA [110], PLA [111, 112], and PCI. matrices
[113]. Increased protein secretion and alkaline phosphatase (ALP) activity are often

observed as well [114]. The nHA composites also improve bone ingrowth at the implant
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sites in vivo; HA/PLLA interference screws did not leave behind the empty screw holes
[115, 116] in bone tissue that were observed with pure PLLA screws [104, 117]. The
mechanical properties of PLGA and cell adhesion onto PLGA both increase
proportionally with nHA content until a ratio of 30 wt.% nHA to 70 wt.% polymer.
Increasing nHA content beyond 30 wt.% in PLGA matrices has limited effect upon cell
adhesion, but increases brittleness [108-110, 118, 119]. For this reason, the ratio of 30
wt.% nHA to 70 wt.% polymer was chosen for this investigation.

The nHA particles also have profound effects upon the uptake and diffusion of
water in polymer matrices, which influences the degradation of underlying Mg substrates.
The nHA particles can increase water uptake by polymer matrices in some cases [94], but
generally tend to improve the barrier properties of coatings [25]. Diffusion through
particle/polymer composites is reduced by the filler effect; which is caused by particles
increasing the tortuosity of routes taken by diffusing molecules, and by particles
increasing the local rigidity of the polymer matrix surrounding them [120]. The
combination of mechanical, biological, and transport properties possessed by

nHA/polymer coatings is well suited for controlling Mg degradation.
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Polymer coating slows down Mg degradation

Alkaline and acidic degradation products of Mg
and PLGA/PLLA/PCL neutralize each other

Mg substrate provides mechanical strength
similar to cortical bone for load bearing

Polymer coating enables
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degradation in a polymer
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HA coating enables controlled drug delivery nHA g
allow low-temperature
coating process

Figure 1.2: Illustration of the synergy between the nHA, polymer, and Mg
substrates due to their complementary properties. The advantages of one
material compensate for the disadvantages of another material.

1.6.4- The Spin Coating Process

Spin coating is a simple coating deposition method that creates homogenous
coatings with well controlled thicknesses. After the coating solution/melt is deposited, the
substrate 1s spun and centripetal force removes excess solution/melt to create a uniform
coating. The thickness and structure of spin-deposited coatings are influenced by the
amount of coating material added, solution/melt viscosity, solvent evaporation rate, and
substrate surface roughness. The limitations of spin coating are that it can only be used on

planar surfaces and that it is wasteful of coating materials. Spin coating was chosen as the
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coating deposition process in this investigation because it can simply and rapidly create

coatings with uniform structures.

1.7-  Objective

Mg alloys have great potential as biodegradable implant materials, but their
clinical translation is limited by their rapid degradation. The objective of this dissertation
was to investigate that factors influencing Mg degradation in physiologically relevant
environments, and then to develop nanocomposite coatings to reduce the degradation rate

of Mg and increase the bioactivity of the surface.
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Chapter 2- Mg Degradation is Influenced by Interactions between Multiple

Factors

2.1-  Specific Challenges and Aims

One of the first steps to the clinical translation of Mg alloys as implant
biomaterials is to improve our understanding of their degradation in physiological
environments; that knowledge is necessary to tailor their degradation rates. A broad range
of experimental conditions was used to observe the interactions between the different
factors influencing Mg degradation in physiologically relevant environments (Figure
2.1); those interactions can be as important as the factors themselves. The specific aims
of'this section were:

1. Determine the effects of alloy composition, alloy processing, and physiological

salt ions upon Mg alloy degradation.

a. The presence or absence of a Y alloying component was investigated
because it is the subject of much scrutiny for diverse applications, from
biomedical to automotive and aerospace.

b. The metallic and thermal oxide surface types were investigated because
they are both common surface types for metallic implants.

¢. The presence or absence of physiological salt ions was investigated
because they are known to profoundly affect Mg degradation.

2. Determine if these factors influence Mg alloy degradation independently or

through interactions with cach other.
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Degradation
Rate and Mode

_ _ Presence versus Absence of
Metallic versus Oxide Physiological Salt Ions in the
Surfaces Immersion Solution

Alloy Composition of Interest

Figure 2.1: Mg degradation rate and mode are influenced by multiple
interacting factors that include: alloy composition, surface type, and
physiological salt ions.
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2.2-  Materials and Methods

2.2.1- Preparation of Pure Mg and Mg-Y Alloy Samples

Commercially pure Mg foil (Goodfellow Corporation, as-rolled, 99.9% purity)
with a thickness of 250um was used as a control in this study. The as-rolled Mg foil had a
thermal oxide layer on its surface and was called cpMg_O, with “cp” indicating
commercially pure and “O” indicating the presence of the thermal oxide layer on its
surface. Some of the cpMg O samples were ground sequentially using 600, 800, and
1200 grit silicon carbide abrasive papers (PACE Technologies) to remove the oxide layer
on the surface, and were referred to as epMg in this study. The term cpMg* was used to
refer to both cpMg_O and cpMg.

Mg-4 wt.% Y alloy was prepared by melting magnesium with 4 wt.% Y in an
argon protected environment and casting as an ingot. The as-cast My-Y alloy ingot was
cut into 250um thick discs using a wire electric discharge machine (AgieCharmilles,
Agiecut 200 VHP). The as-produced alloy discs had thermal oxide layers on their
surfaces and were called MgY O in this study. Some of the MgY O samples were
ground sequentially using 600, 800, and 1200 grit silicon carbide abrasive papers to
remove the thermal oxide layer from the surface, and were referred to as Mgy in this
study. MgY * was used to refer to both MgY O and MgY in this manuscript.

All of the cpMg* and MgY * samples in this study were cut into dimensions of 10
mm x 10 mm, cleaned in isopropanol (Sigma-Aldrich, CAS number 67-63-0), and
weighed. Both sides of the samples were disinfected under ultraviolet (UV) radiation for

at least 8 hours before degradation experiments.
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2.2.2- Degradation of cpMg* and MgY* in Immersion Solution

Degradation of cpMg* and MgY * was investigated by the immersion method.
Briefly, both cpMg* and MgY * samples were immersed in two different immersion
solutions for comparison: deionized (DI) water and phosphate buffered saline (PBS). DI
water was produced by a Millipore Milli-Q® Biocel System and used as a control. PBS
was prepared by dissolving 8 g NaCl, 0.2 g KCI, 1.5 g Na,HPO4, and 0.2 g KH2PO4 in
1000 ml of DI water and adjusting the pH to 7.4 (all chemicals from Sigma). PBS was
chosen as one of the immersion solutions in order to determine the effects of aggressive
phyvsiological ions (¢.g. CI) on Mg degradation. Both PBS and DI water were sterilized
by autoclaving. Immersion occurred under standard cell culture conditions (a 37 °C, 5%
CO; / 95% air, humidified, sterile environment) without stirring. Each sample was
immersed in 3 mL of solution.

All epMg* and MgY * samples were incubated in DI water and PBS according to
the prescribed sequential time points. The incubation time was shorter (1 hour) at the
beginning of the degradation experiment to provide a higher time resolution. A higher
time resolution was necessary to track the initially rapid changes to the sample mass and
the pH of immersion solution. Furthermore, the alloy degradation rate and local pH both
have profound effects on cell survival and functions during the early stage of
implantation. After 3 days of immersion, the incubation time was increased to 48 hours (2
days) to mimic normal cell culture conditions. When the prescribed incubation time
ended, the samples were removed from their immersion solution and dried in a 37 °C

isotemp oven for 12 hours, or until the sample reached a constant mass. Degradation
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products that precipitated on the surface of the cpMg* and MgY* samples were left
intact, while soluble degradation products remained in the immersion solution. The pH
meter was first calibrated with known standards, and then used to measure the pH of the
immersion solution at the end of every prescribed incubation time. The samples were
dried, weighed, photographed, disinfected under UV radiation, and then placed in fresh
immersion solution for the next incubation time. The same procedure was repeated for
each prescribed incubation time. When the sample mass was reduced to less than 3 mg,
they became too small to handle and thus were considered as completely degraded at the
next time point. The mass of the samples after each incubation time (M;) was divided by
its initial mass (Mo) to obtain the normalized mass change (MiMy). The degradation tests

were performed in triplicate for each sample type.

2.2.3- Statistical Analysis of Degradation Data

The three factors that control the dependent variable (i.e., sample degradation)
were alloy composition (cpMg or MgY), sample surface (metallic or oxide), and
immersion media (DI water or PBS). Factorial ANOV A was used to analyze the effects
of'these factors on the sample degradation. The Shapiro-Wilks test was used to verify that
the data had a normal distribution. The Bartlett test was used to verify that the different
sample groups had homogeneous variance. A significance level of a=0.05 was used for
all statistical tests. Two-way interaction plots were generated to illustrate the interactions
between all possible combinations of the factors. All the statistical tests were performed

using R.
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2.2.4- Surface Characterization of cpMg* and MgY *

The cpMg* and MgY* samples were disinfected under UV radiation, and then
incubated in DI water and PBS under standard cell culture conditions (37 °C, 5% CO» /
95% air, humidified sterile environment) for 24 hours. After that, the samples were taken
out of the immersion solution and dried in a vacuum oven at room temperature for 2
days. The surfaces of cpMg* and MgY * samples were characterized before and after 24
hours of degradation using a field emission scanning electron microscope (FESEM,
Philips XL-30). Energy dispersive X-ray spectroscopy (EDX) analysis was performed
with an accelerating voltage of 15 k'V and an original magnification of 2500X to
determine the elemental composition of the sample surface. Three different arcas for each

sample type were examined using EDX, and the results were averaged.

2.3- Results

2.3.1- Degradation of the cpMg* and MgY * Samples in DI Water

2.3.1.1- Appearance of Samples after Degradation in DI Water

The surface of cpMg O (Figure 2.2 A) did not show significant change until the
3rd day of degradation in DI water. Dark-colored degradation products appeared on one
side of the sample at the 3rd day and progressed across the entire surface by the 5th day.
The degradation layer appeared gray and relatively homogeneous to visual inspection
after the 5th day. The degradation of samples initiated from the edges that slowly
migrated inward while leaving behind a smooth contour. The surface of cpMg (Figure

2.2B) did not show significant change until the 2nd day of degradation in DI water. Dark-
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colored degradation products appeared on one side of the sample and then progressed
across the entire surface by the 3rd day. The cpMg degradation mode was similar to that
observed on cpMg O in DI water. The samples degradation began at the edges and
migrated inward. In contrast, the surface of MgY O (Figure 2.2C) turned dark after only
1 hour of incubation in DI water. Localized gray degradation products gradually
accumulated on the sample surface until the entire surface became dark gray by the 3rd
day. MgY O shed fragments and lost structural integrity by day 11 and completely
degraded after 19 days. The degradation mode of MgY (Figure 2.2D) appeared similar to
MgY O. Most of the visible degradation of MgY occurred between 5 and 7 days, and
MgY completely degraded after 9 days. MgY degraded much more rapidly than the other

sample types in DI water.
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Figure 2.2: Photographs of the cpMg* and MgY * samples after degradation
in DI water. Samples were incubated in DI water under standard cell culture
conditions for the prescribed time points.
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2.3.1.2- Changes to Sample Mass and pll of DI water

Figure 2.3 shows the mass change of the samples in DI water. The mass of
cpMg O samples was constant for the first 3 days of incubation in DI water, followed by
slight mass loss between 3 and 5 days, slight mass gain between 5 and 9 days, and then
slow mass loss for the rest of the study. The cpMg O and cpMg samples had similar
mass loss at each time point. However, MgY * degraded much more rapidly than cpMg*
in DI water. MgY * had constant mass between 0 and 16 hours of incubation in DI water,
followed by rapid mass loss. MgY had even more rapid mass loss than MgY O, and the

entire MgY sample was gone after 9 days of immersion.
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Figure 2.3: Sample mass change during degradation in DI water. M;
was the mass after the prescribed incubation time (i) and Mo was the
initial mass. (A) Sample mass for all time points in the study.

(B) Sample mass for only the time points from 0 to 480 hours.
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Figure 2.4 shows the pH change of DI water after sample immersion. Degradation
of cpMg O caused a rapid pH increase in DI water to 9.2 during the first 24 hours, and
then the pH gradually decreased. Between 9 and 29 days, the pH of DI water stabilized in
the range of 8.0 to 8.4. The cpMg degradation resulted in pH changes similar to cpMg_O,
with a few exceptions at the early stage and at the end. The DI water containing cpMg
was slightly more alkaline than cpMg O at some time points. The DI water containing
MgY O reached its maximum pH of 9.29 during the first 2 hours of incubation, and the
pH reached a plateau at 8.4 afterwards until 13 days of incubation. After 13 days, the pH
decreased to 7.64 due to the significant reduction of the remaining sample material. MgY

degradation resulted in a similar pH trend as MgY O, except it slightly more alkaline

during the first 4 hours.
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Figure 2.4: Sample pH change during degradation in DI water.
(A) DI water pH for all time points in the study. (B) DI water pH
for only the time points from 0 to 480 hours.
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2.3.2- Degradation of the cpMg* and MgY * Samples in PBS

2.3.2.1- Appearance of Samples after Degradation in PBS

Rough and heterogeneous gray degradation products accumulated on the surfaces
of cpMg O after immersion in PBS for only 1 hour (Figure 2.5A). Once the degradation
products covered the entire surfaces afier 3 days, accumulation of white degradation
products appeared near the center of the samples. The cpMg O samples fragmented at
the center on day 9, the large fragments continued to degrade and eventually dissolved
after 23 days. In Figure 2.5B, similar degradation products accumulated on the surfaces
of cpMg and spread at a similar rate. The cpMg samples fragmented near the center at
day 5 and the remaining fragments continued to degrade until they completely dissolved
after 27 days. In Figure 2.5C, white degradation products accumulated at the edges of
MgY O samples after immersion in PBS for 1 hour. The degradation layer was rough,
porous, and heterogeneous; and it migrated inward from the edges until it covered the
entire surface. MgY O continuously shed fragments from its edges after 16 hours and
completely degraded after 3 days. As shown in Figure 2.5D, localized white degradation
products appeared on the surfaces of MgY after 1 hour of incubation in PBS and spread
over entire surfaces in 2 days. The MgY samples started to release fragments from their

edges after day 5 and completely degraded after 29 days.
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Figure 2.5: Photographs of the cpMg* and MgY * samples after degradation
in PBS. Samples were incubated in PBS under standard cell culture
conditions for the prescribed incubation times.

2.3.2.2- Changes to Sample Mass and pIl of PBS

Figure 2.6 shows the mass changes of the samples in PBS. The mass of ecpMg O
remained constant for the first 2 days, slightly increased until day 5, and rapidly
decreased afterwards. The mass change of cpMg over time was similar to that of
cpMg O, with a few exceptions. For example, cpMg reached its peak mass in a shorter
time (i.e., 2 days) and that peak lasted slightly longer than cpMg O. Interestingly,
MgY O immersed in PBS reached its peak mass first, and showed the most rapid mass
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loss among all the samples tested. The MgY samples had a higher peak mass than the
cpMg* samples in PBS, but took longer to reach that peak mass. After reaching its peak
mass, the mass of MgY started to decrease gradually.
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Figure 2.6: Sample mass change during degradation in PBS. (A) Sample
mass for all time points in the study. (B) Sample mass for only the time
points from 0 to 480 hours.

Figure 2.7 shows the pH change of PBS after sample immersion. The pH of PBS
with immersed cpMg O reached its maximum of 8.73 after 5 days of incubation,
remained at that plateau until 13 days, and then slowly decreased to 7.62. The PBS

containing cpMg had the same pH plateau as cpMg_ O, although the plateau was reached
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slightly earlier. The pH of the PBS containing MgY O rapidly increased to 8.90 during
the first hour, and then decreased slightly to around 8.40 until the samples degraded
entirely. The pH of the PBS containing MgY rapidly increased to 8.2 during the first hour
of'incubation, reached its peak value of 8.49 at 5 days, and then continually decreased to

7.13 at the end.
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Figure 2.7: Sample pH change during degradation in PBS. (A) PBS pH
for all time points in the study. (B) PBS pH for only the time points from
0 to 480 hours.

2.3.3- Statistical Analysis of Mass Loss during Degradation
There were significant interactions among alloy composition, sample surface

type, and immersion media, as demonstrated through factorial ANOV A analysis. The
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mass and pH data did not have homogenous variance, and thus were not suitable as the
dependent variables for ANOVA. Therefore, the log (sample lifetime) was introduced as
the dependent variable because it had normal distribution and homogenous variance,
which met the criteria for factorial ANOVA. The sample lifetime was defined as the time
point when the sample was considered as completely degraded or its residual mass was
less than 3 mg. The lifetime of the samples that never fully degraded (i.e., cpMg* in DI
water) by the end of the degradation study (i.e., 1944 hours) were calculated based on
their maximum degradation rate recorded in the study.

Alloy composition, sample surface type, and immersion media all had statistically
significant effects on sample lifetime, as shown in Table 2.1; with values of p=1.10x10"3,
p=437x102, and p=2.87x10"" respectively. Furthermore, statistically significant two way
interactions were observed between alloy composition and sample surface (p=2.95x104),
alloy composition and immersion media (p=4.45x10""), and sample surface and
immersion media (p=3.47x10°%). A statistically significant three way interaction was also

observed between alloy composition, sample surface, and immersion media (p=1.03x10®).

Table 2.1: Statistical analysis of Mg* and MgY * degradation. Provides p values
calculated using the factorial ANOV A test that compared the effects and interactions of
three factors (alloy composition, sample surface, immersion media) upon sample lifetime.

Factorial Alloy: Alloy: Surface: SAﬂ‘oy:-
actona Alloy | Surface | Media Surface Media Media uriace:
ANOVA . . . Media
Interaction | Interaction | Interaction .

Interaction

pvalue |1.10x107°|4.37x107|2.87x10™""| 2.95x10° | 4.45x10™" | 3.47x10° | 1.03x107
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Two-way interaction plots graphically demonstrate the relationships among the
three factors and their combined effects on the log (sample lifetime), as shown in Figure
2.8. The different values for one factor are presented along the X axis, while the Y axis
represents the log (sample lifetime). Two different lines in each plot present the different
values for the second factor. The relationships between these two factors are further
affected by the third factor and are thus plotted side by side for comparison. Figure 2.8 A
had two almost parallel lines with negative slopes for the left plot, and a “<”* shape with
one positive and one negative slope for the right plot. Figure 2.8B had two almost parallel
lines with negative slopes for the left plot, and an intersected “X’ shape with one positive
and one negative slope for the right plot. Figure 2.8C had a “<”* shape with two positive
slopes for the left plot, and an intersected “X” shape with one positive and one negative
slope for the right plot. The slopes of these lines, as well as the angles and types of
intersections revealed the interactions among three factors. Interaction plots with two
intersected lines showed substantial interaction between the two factors, while those with
parallel lines showed no interaction between the two factors. A “<” shape showed
consistent interactions between the two factors, while an “X” shape demonstrated that the

interactions between the two factors had opposite effects at different values.
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Figure 2.8: Interactions between three key factors that influence Mg* and
MgY* lifetime. Two separate interaction plots with different levels of a
third factor were placed side by side for comparison; the level of the third
factor is shown directly below the graph title. (A) Alloy and surface with
media as the third factor. (B) Alloy and media with surface as the third
factor. (C) Media and surface with allov as the third factor.
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2.3.4- Surface Microstructure and Composition of cpMg* and MgY * Before and
After Degradation

Scanning electron micrographs (Figure 2.9) showed that cpMg O initially had a
rough surface without cracks, MgY O had a rough surface with cracks, and cpMg and
MgY had relatively smooth surfaces with grooves from grinding. Incubation in DI water
and PBS both resulted in cracks and formation of degradation products on the surfaces of
all samples. Incubation in PBS also caused formation of degradation products with a

network-like morphology on the samples with metallic surfaces.

DI Water PBS

Figure 2.9: Mg* and MgY * surface microstructure before and after
degradation. Scanning electron micrographs of'the (A, B) cpMg* and
(C, D) MgY* samples before and after 24 hours of degradation in
either DI water or PBS. Scale bars: 20um.
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EDX analysis (Table 2.2) showed that alloy composition (MgY* versus cpMg*),

initial surface condition (metallic versus oxide), and immersion solution (DI water versus

PBS), all affected the surface composition after degradation. Degradation layers on the

samples incorporated additional elements from the immersion media. All the cpMg* and

MgY* samples incorporated more carbon (C) onto their surface in DI water than they did

in PBS. Before degradation, the MgY O samples had 5.20+0.71 wt.% Y on the surface

and the MgY samples had 3.39+0.72 wt.% Y, both close to theoretical value of 4 wt.% Y.

After degradation, Y percentage decreased on the surface of MgY O samples in both DI

water and PBS. In contrast, Y percentage increased on the surface of MgY in DI water.

Table 2.2: Effects of degradation upon Mg* and MgY * surface composition. The
surface elemental composition of the cpMg* and MgY * before and after 24 hours
of degradation in DI water or PBS, as determined by EDX at a 15 kV accelerating

voltage.

(A) Before |Degradation Degradation | (B) Before |Degradation|Degradation
cpMg_O|degradation| in DI water  in PBS | cpMg | degradation | in DI water | in PBS
Element| At% At% At% Element At% At% At%

C 0 21.51+0.16 | 9.86+0.80 C 0 20.09+1.60 | 12.57+0.43
0 12.80+0.86|57.95+0.13 | 49.75+1.53 O 10.96L2.42 | 49.5413.08 | 53.18L0.97
Na 0 0 8.78+1.03 Na 0 0 6.53+0.79

Mg |87.19+0.86] 20.524+0.03 | 21.28+1.43 Mg |89.03+2.42 | 30.36+1.57 | 17.42+1.12

P 0 0 0.9310.39 P 0 0 8.40+0.61

Cl 0 0 0.38+0.66 Cl 0 0 1.88+0.73

(©) Before |Degradation|Degradation|| (D) Before |Degradation|Degradation
MgY O|degradation| in DI water | in PBS MgY |degradation| in DI water | in PBS
Llement At% At% At% Element At% At% At%

C 16.56+3.05| 12.72+1.96 | 10.45+9.07 C 0 25.85=0.89 | 13.58+0.44

O |55.63+1.53|58.27+0.94 | 55.81+4.85 O | 18.98+0.54 | 52.23+1.37 | 47.57£1.43

Na 0 0 10.14+1.24 Na 0 0 11.28+0.59

Mg [26.68+1.71|28.36+3.66 | 14.91+1.60 || Mg |80.12+0.37 | 19.78+1.58 | 18.36+0.68

Y 1.11+0.13 | 0.63+0.44 | 0.35+0.05 Y 0.89+0.19 | 2.12+1.01 | 0.91+0.20

B 0 0 8.11+1.13 p 0 0 7.25+0.64

Cl 0 0 0.07+0.06 Cl 0 0 1.02+0.62
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2.4- Discussion

2.4.1- Surface Type and Alloy Composition Influenced Degradation in DI Water
The results of this study confirmed that both composition (alloying with Y versus
pure Mg) and surface (metallic versus oxide) influenced the degradation in DI water. The
surface effects were more pronounced for MgY * than for cpMg* samples in DI water, as
demonstrated in Figures 2.2 and 2.3. The initial alkalinity in the DI water containing
cpMg was caused by the degradation reactions. A protective thermal oxide layer was
already present on cpMg_O, so reaction 1a was less prevalent initially. A more uniform
degradation layer formed on cpMg* in DI water due to more uniform microstructure of
the pure Mg. As a result, free corrosion (general dissolution of Mg) rather than pitting
corrosion was the dominant corrosion mechanism for the cpMg* samples in DI water, as
shown in Figure 2.2. In free corrosion mode, cpMg* degraded gradually without sudden
fragmentation. The addition of Y as an alloying element accelerated the degradation in DI
water. Yttrium had a net degradation promoting effect on MgY * in DI water due to
instability of the degradation layers, as demonstrated by release of surface fragments
from the samples. MgY O degraded more slowly than MgY in DI water because the
thermal oxide layer provided better protection as compared to the degradation layer

formed by reaction 1.

2.4.2- Surface Type and Alloy Composition Influenced Degradation in PBS
It is still true that both surface (metallic versus oxide) and composition (alloying

with Y versus pure Mg) influenced the degradation in PBS. The surface effects were still
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more pronounced for MgY* than for cpMg* samples in PBS, as shown in Figures 2.5 and
2.6. In PBS, penetrating and undermining by Cl ions changed the degradation mode of
cpMg* from free corrosion to localized corrosion. Cl- attack also increased localized
corrosion on MgY*. MgY was the only sample that lasted longer in PBS than in DI
water, possibly because a more stable degradation layer was able to form on the MgY
surface by incorporating protective constituents from PBS.

The importance of surface and composition, as well as presence of physiological
ions on degradation was demonstrated in Figure 2.10. The maximum degradation rates of
cpMg* and MgY * were calculated using the Equation 2.1 below and the mass change

data.

Eq2.1
Degradation Rate = ASample Mass/Sample Surface Area /ATime
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MgY O |2.20+0.15 | 7.84£1.95
MgY 2.96+0.35 0.56+0.25

Figure 2.10: Mg* and MgY * degradation rates in DI water and PBS. The
maximum degradation rates of cpMg* and MgY * samples in DI water
and in PBS were calculated based on sample mass loss using Eq 1.
Values are average = standard deviation; N=3.

Considering that cpMg_O had a similar degradation rate as cpMg either in DI
water or PBS, the metallic or oxide surfaces did not have significant effects on
degradation of pure Mg. However, MgY degraded faster than MgY O in DI water and
vice versa in PBS. This indicated that surface condition (with or without oxide layer) and
composition of immersion solution (with or without physiological ions) both had
significant effects on the degradation of MgY *. In other words, the protective surface
barrier formed by Y passivation was influenced by both the initial surface microstructure

and the composition of the immersion solution.
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2.4.3- Interactions Between Surface Type, Alloy Composition, and Immersion
Media Influenced Degradation

Alloy composition, alloy surface type, and immersion media type significantly
affected the sample degradation rates not only as factors acting separately, but also as
factors interacting with cach other. This was confirmed in Table 2.1 by the low p values
for each individual factor, the two-way interactions, and the three-way interaction.

The interaction plots graphically demonstrated significant interactions between
the three factors upon the sample lifetime (Figure 2.8). The almost parallel slopes in the
left plot of Figure 2.8 A suggested that the alloy:surface interaction was minor in DI
water, while the intersections in the left plot showed the alloy:surface interaction was
significant in PBS. The negative slope for the combination of Y alloy component,
metallic surfaces, and DI water indicated that the metallic surface decreased MgY sample
lifetime in DI water. Conversely, the negative slope for the combination of Y alloy
component, oxide surface, and PBS indicated that the oxide surface decreased MgY O
sample lifetime. The positive slope for the MgY in PBS indicated that the combination of
MgY and metallic surface prolonged sample lifetime in PBS.

In Figure 2.8B, the angle between the slopes on the left plot indicated some
observable alloy:media interaction for samples with oxide surface, and the negative
slopes indicated that cpMg had a longer sample lifetime than MgY in either media when
samples had oxide surfaces. The “X” shaped slopes on the right indicated significant
interaction between alloy and media for samples with metallic surfaces. The “X” shape

indicated that sample lifetime was longer for cpMg and shorter for MgY in DI water, but
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vice versa in PBS. This suggested that the degradation behavior of magnesium alloys
could be reversed by different physiological conditions (e.g. concentration of salt ions).
Because of this important implication, the design of a biodegradable material must be
tailored for specific anatomical locations or specific environmental conditions in the
body.

In Figure 2.8C, the small angle between the slopes on the left plot indicated little
media-surface interaction for cpMg* samples, and the positive slopes indicated that
cpMg* had a longer lifetime in DI water than PBS. The larger angle between the slopes
on the right plot indicated significant interaction between media and surface for MgY*
samples. The “X” shape for the right plot showed that MgY O had a shorter lifetime in
PBS and a longer lifetime in DI water, but vice versa for MgY.

Understanding the interactions that control Mg degradation is a crucial step in
developing Mg alloys as biodegradable implant materials. Physiological fluids are rich in
aggressive ions that not only interact with alloy and surface directly, but also alter the
effects of alloying and surface on degradation behavior. These interactions must be taken

into account when designing biodegradable implants.

2.4.4- Surface Microstructure and Elemental Composition Influenced Degradation
SEM images showed that the surfaces of cpMg O, cpMg, and MgY were free of
cracks initially, which limited penetration of aggressive Cl ions. In contrast, MgY O had
a significantly cracked surface initially, which increased its vulnerability to aggressive CI-
ions. All cpMg* and MgY * samples had cracked surfaces after incubation in DI water.

The thermal oxide layer on the MgY O surface provided some initial protection from
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degradation in DI water, but the cracked surface exposed the underlying metallic
substrates to Cl™ ions. Electrochemical transport processes concentrated Cl™ ions in the
cracks, which caused severely undermined the oxide layer. Therefore, the thermal oxide
surface protected MgY O in the fluid lacking aggressive ions (i.e., DI water), but
accelerated the degradation in the fluid containing aggressive ions (i.¢., PBS). The loss of
the oxide layer at some sites led to localized corrosion cells that continued to propagate.
Continuous propagation of the localized corrosion cells may have prevented the
formation or maintenance of a protective layer onthe MgY O surface. Thus, MgY O
degraded the most rapidly in PBS.

MgY and cpMg initially had metallic surfaces without surface oxide layers or
cracks. Because of this, their degradation was distributed across the entire sample surface
rather than concentrated along cracks. Moreover, the initial degradation products formed
a network-like morphology on MgY and cpMg in PBS (Figure 2.9). This network
morphology of degradation products may have protected the surface underneath and
physically restrained the release of large surface fragments, which limited the
propagation of localized corrosion. As a result, a protective degradation layer was able to
form on the metallic surfaces of MgY and cpMg and their degradation was slower than
the respective samples with oxide surfaces in PBS. Eventually, MgY broke into
fragments because the propagation of localized corrosion became too severe to keep the
protective degradation layer intact.

Surface elemental composition played an important role in determining the

susceptibility of samples to degradation. The relative amount of Y decreased on the
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surface of MgY O afier 24-h exposure to either immersion solution. MgY O incubated
in PBS had the lowest relative Mg content on the surface and the largest mass gain
among all the samples. The low percentage of Mg on the surface prevented the formation
of an effective degradation layer in PBS. The absence of a stable surface layer
compromised the protective effects of Y and other protective components like carbonate
or phosphate. In contrast to MgY O, the MgY surface became Yenriched after
degradation in DI water. MgY degraded the slowest in PBS because the degradation layer
containing protective elements (e.g. carbonates) might have provided a more stable
protection than surface oxides. Due to the more stable degradation layer, it took CI ions
longer to penetrate and undermine the surface. Eventually however, the degradation layer
was undermined so severely that it provided little protection. Therefore, after reaching the

peak mass, the slope of MgY mass loss was similar as cpMg in PBS.
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2.5- Conclusions of Chapter 2

This investigation demonstrated that the alloy composition, surface type, and
immersion media interacted with each other to influence Mg degradation. Specifically,
the Y alloy component promoted degradation of Mg in DI water for either surface type.
In PBS however, the Y alloy component inhibited degradation of the Mg alloy with the
metallic surface, but promoted degradation of that same alloy with the thermal oxide
surface. This study disentangled the complex relationship between these factors and their
respective contributions to Mg degradation for the first time, and also presented design

considerations for Mg based implants and devices.
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Chapter 3- Nanocompeosite Coatings Reduce Mg Degradation

3.1-  Specific Challenges and Aims

Alloy composition and processing are critical to controlling Mg alloy degradation,
but they are only part of the solution. Coatings can work in conjunction with alloy
composition and processing; and can perform multiple functions simultaneously, such as
controlling Mg degradation and improving cell adhesion. Composite materials are of
interest for coatings because they can have properties that are difficult to obtain with
single-phase materials.

The specific aims of this section were:
1. Develop nHA/PLGA nanocomposite coatings for controlling Mg substrate

degradation.

2. Characterize the effects of the nHA/PLGA coatings upon Mg substrate degradation.

a. Quantify the degradation rate of nHA/PLGA coated Mg in a simulated in vivo

environment.
b. Characterize the changes to the coatings during degradation.
c. Identify challenges that limit the functionality of the coatings. These

challenges will be resolved in a subsequent study.
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3.2-  Materials and Methods

3.2.1- Preparation and Characterization of Mg Substrates and the Controls

Mg, AZ31 alloy, and commercially pure Ti were prepared as the substrates for the
coating processes. Specifically, a 1-mm thick Mg plate (97% purity; Miniscience), a 1-
mm thick AZ31 plate (Alfa Aesar), and a 0.5-mm thick Ti plate (Alfa Aesar) were
ground sequentially using 600, 800, and 1200 grit silicon carbide abrasive papers (Ted
Pella) to remove the oxide layers on the surface. Ethanol (200 proof’ Koptec) was used to
lubricate the plates during grinding and wash away particulate debris. The plates were cut
with a notcher (no. 100, Whitney Metal Tool Co.) into 10 x 10 mm squares. The four
edges of each substrate were then ground in the same way as described above. All the
substrates were cleaned in ethanol under sonication (Symphony™ Ultrasonic Cleaners,
VWR) for 15 min. Before coating processes, the Mg substrates were examined using a
field emission scanning electron microscopy (SEM; XI.30-FEG, Philips) at an

accelerating voltage of 15 k'V.

3.2.2- Preparation and Characterization of nHA

The nHA was synthesized using a wet chemistry precipitation method followed
by hydrothermal treatment. Briefly, a 1 M calcium nitrate [Ca(NOs),; Sigma Aldrich]
solution with a pH of 10 and a 0.6 M ammonium hydrogen phosphate [(NH4)HPOu;
Sigma Aldrich| solution with a pH of 11 were prepared separately at 40°C. Ammonium
hydroxide (NH4OH; Sigma Aldrich) was used to adjust the pH of these solutions. Adding

calcium nitrate solution drop wise into the ammonium phosphate solution at 40°C led to
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precipitation of calcium phosphate (CaP). The mixture was stirred for an additional 20
hours at 40 °C, and then centrifuged at 10,000 revolutions per min (RPM). After
centrifuge, the supernatant was removed and the pellet at the bottom of the centrifuge
tube was resuspended in an equal volume of deionized (DI) water. The pellet was washed
for 5 times by repeating the steps of centrifuge and resuspending in fresh DI water. After
the excess reactants were washed away, the pellet was resuspended in DI water and
hydrothermally treated at 200°C for 20 hours in an acid digestion bomb (Parr
instruments). After hydrothermal treatment, the nHA was precipitated out of suspension
via centrifugation and then dried in vacuum at 80°C. Finally, the dried nHA was ground
into a fine powder form using a mortar and pestle. Subsequently, the nHA nanoparticles
were used to prepare nHA/PLGA composites for spin coating.

The microstructure and elemental composition of nHA was characterized using a
field emission scanning electron microscopy (SEM; XI.30-FEG, Philips) and attached
energy dispersive x-ray spectroscopy (EDX; EDAX) at an accelerating voltage of 10 kV.
The crystal structure of HA was confirmed using x-ray diffraction (XRD; D8 Advance,

Bruker AXS), performed at 35 kV and 20 mA with a 0.02° step size.

3.2.3- Spin Coating the nHA/PL.GA Nanocomposites onto the Mg Substrates and
the Controls

The nHA/PLGA nanocomposite suspension for spin coating was prepared by first
dissolving 0.35 g PLLGA (50:50, 40-75 kDa; Sigma Aldrich) in 3 mL chloroform (CHCl,,
Sigma.-Aldrich) at 40°C under low-power sonication (Symphony™ Ultrasonic Cleaner,

VWR) for 60 min. After the PLGA was completely dissolved, 0.15 g HA was added into
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the PLLGA solution at 40 °C under low-power sonication for an additional 60 min. The
nHA/PLGA suspension was then sonicated using a high power sonicator (9 W, 20 kHz;
Misonix Sonicator S-4000) for 10 min to improve the dispersion of nHA in PLGA. The
nHA/PLGA suspension was then degassed in vacuum at room temperature for 5 min.

The same spin coating procedures were used to deposit nHA/PLGA
nanocomposites on Mg, AZ31 and Ti substrates. Before spin coating, the clean substrates
were first secured on the spin chuck in the spin coater (PWM32, Headway Research).
The nHA/PLGA suspension was applied onto the substrates using a disposable
borosilicate glass Pasteur pipette (VWR). The substrates were then spun at 300 RPM for
3 min. After spin coating, the substrates were placed in a polytetrafluoroethylene (PTFE)
dish with the newly coated side facing up, and dried in air at room temperature for 24
hours. The remaining nHA/PLGA composite suspension was transferred into a PTFE
dish, dried in air at room temperature for 24 hours, and saved for coating the other side of
the substrates. Once the coated side was dried, the saved nHA/PLGA was re-suspended
in chloroform at the same concentration and the opposite side of the substrates was spin
coated under the same conditions. After spin coating of the nHA/PLG A nanocomposites
onto the top and bottom surfaces, the four edges were dip coated and dried in air at room
temperature for 24 hours. After 24 hours of drying in air, the coated substrates were dried
in vacuum at room temperature for 48 hours.

The remaining nHA/PLGA solution was cast into a PTFE dish to form a thin film

and dried in air for 24 hours followed by vacuum dry for 48 hours at room temperature.
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The dried nHA/PL.GA film was cut into 10 x 10 mm squares and used as a control for

material characterization and degradation experiments.

3.2.4- Spin Coating Pure PL.GA onto the Mg Substrates and the Controls

PLGA coatings (without nHA) were deposited onto the Mg, AZ31, and Ti
substrates as controls using a spin coating procedure similar to the nanocomposite
coatings, except that the PLGA solution was prepared by dissolving 0.45 g PLGA in 3
ml chloroform. The PLLGA solution left from spin coating was cast and cut into films,

following the same method as for the nHA/PLGA films.

3.2.5- Depositing CaP Control Coating onto the Mg Substrates and the Controls
The CaP coating was deposited onto the Mg substrates as a ceramic control using

an immersion method described by Zhang et al [121]. A concentrated simulated body
fluid (SBF) that had three times more Ca** and HPO.? ions than 1x SBF, called 3CaP
SBF, was used for CaP coating process. The prepared Mg substrates were first immersed
in 100 mL 3CaP SBF solution at 42°C for 24 hours, and then dried in air at room
temperature. The immersion was repeated with the dried substrates in 100 mL fresh 3CaP
SBF solution for another 24 hours. Finally, the CaP coated Mg substrates were rinsed
with DI water and dried in air at room temperature. This process led to the formation of a

low-crystalline apatite coating on the Mg substrates.

3.2.6- Characterization of the Coatings and Controls
The thicknesses of nHA/PLGA coatings and PLGA coatings on the Mg substrates

were measured based on the SEM images of the coating cross-sections using Imagel.
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Briefly, the Mg substrates (Goodfellow Corporation, as-rolled, 99.9% purity) with a
thickness of 250 um were spin coated with PLGA or nHA/PLGA composites by
following the same procedures described above. The coated substrates were dried in air
for 24 hours and in vacuum for 48 hours at room temperature, cut in half with scissors,
and mounted onto a 90-degree sample holder for SEM imaging. The coating thickness
was measured at the center of each sample and 1mm from the both edges, and then
averaged. The average thickness of PLGA or nHA/PL.GA coatings was determined based
on three different samples.

The PLGA films, nHA/PLGA films, and their corresponding coatings on the Mg
substrates were characterized using the SEM at an accelerating voltage of 5 kV with an
original magnification of 100,000x. The CaP coated Mg was examined using the SEM at
an accelerating voltage of 15 kV with an original magnification of 2,500x. The dispersion
state of nHA in PLGA was determined through quantitative analysis of SEM images
using ImagelJ. The nHA particles dispersed in the PLGA matrix were first manually
outlined and then converted into a binary mask using Imagel. To quantify nHA
dispersion in the PLLGA matrix before and afier spin coating, the Feret maximum
diameter and the areal fraction of the nHA particles in the binary mask were measured

and calculated using Imagel.

3.2.7- Degradation Studies by Potentiodynamic Polarization Test
The degradation of the coated versus non-coated Mg samples were tested in
revised simulated body fluid (rSBF), because rSBF has the same ionic concentration as

human blood plasma and is commonly used for the testing of implant materials [122].
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Potentiodynamic Polarization (PDP) tests are widely accepted for determining corrosion
potential and corrosion rate of magnesium-based metallic materials [123] and were
conducted in this study according to ASTM standard G 102-89 to predict the degradation
rate of the samples. Potentiodynamic polarization curves were generated using a
Potentiostat/galvanostat (model 273 A; EG&G Princeton applied research). The
nHA/PLGA coated Mg, PLGA coated Mg, and non-coated Mg samples were tested in
triplicate in rSBF at 37°C. Each sample was clamped to the working electrode with half
of the samples being immersed in rSBF and the other half above the rSBF solution. An
Ag/AgCl reference electrode (part # CHI111, CHI Instruments) and a Pt counter
electrode (part # CHI 115, CHI Instruments) were used and immersed in the same rSBF
solution. The PDP test was performed at an electric potential ranged from +1 Vto -3 V,
with a 10 mV step size and a (0.5-second step time at a 100 mV/s scan rate. On the PDP
plots, straight lines were drawn along the linear portion of the potentiodynamic
polarization curves. From the intersection of these straight lines, the corrosion current
(Tearr) and corrosion potential (Ecorr) were extrapolated. The corrosion rate (CR) (in
mm/year) of the samples was calculated using the following equation from ASTM
standard G 102-89. The statistical significance of corrosion rate was determined by

Kruskal-Wallis test with an a value of 0.035.

 ogry XKy XEW
- pxA

CR Eq. 3.1

where Icorr 18 the corrosion current, K 1s the constant for unit conversion, EW is the

equivalent weight of Mg, p is the density of corroding species (Mg), and A is the area of
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the sample submerged in rSBF. Specifically, K;=3.27x10-} (mmeg)/(LAscmeyear),

EW=12.15, p=1.74 g/cm?, A=1.2 cm?.

3.2.8- Degradation Studies by Immersion Method

The degradation of nHA/PLGA coated Mg, PL.GA-coated Mg control, CaP-
coated Mg control, and non-coated Mg control were further investigated using immersion
methods to complement the PDP test. The PLGA and nHA/PLGA films, their coatings on
AZ31 and Ti substrates, and non-coated substrates were used as additional controls. All
the samples were weighed, photographed, and disinfected under ultraviolet (UV)
radiation before immersion. The samples were first placed into the wells of 12 well tissue
culture plates in a laminar flow hood (Model no. NU-425-400, Nuaire), and 3 mL of
rSBF was added to each well. The samples were incubated in rSBF under standard cell
culture conditions (a sterile, 37°C, 5% CO2/95% air, and humidified environment) until
reaching the prescribed time points. The prescribed time points were 0 hours, 1 hour, 2
hours, 4 hours, 8 hours, 16 hours, and 24 hours to closely mimic the in vivo condition
where circulation takes away degradation products regularly. After each time point, the
rSBF was removed from the wells and the samples were dried in vacuum for at least 24
hours. The pH of the rSBF was measured using a pre-calibrated pH meter (Symphony
SB70P, VWR). The dried samples were weighed and photographed. These samples were
then placed into 3 ml. of fresh rSBF and incubated for the next prescribed time point.
This process was repeated for each prescribed time point. All the samples were handled

in sterile conditions during the immersion study.
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The rSBF collected at each time point was analyzed for Mg ion concentration
([Mg?*]) and Ca ion concentration ([Ca®']) using inductively coupled plasma - atomic
emission spectroscopy (ICP-AES; Optima 2000 DV, Perkin Elmer Instruments). A serial
diluted MgCl; and CaCl; solutions were run in parallel to generate standard curves.

After 24 hours of immersion, the delaminated coatings were placed on a
conductive copper tape for SEM imaging and EDX analysis. The PLGA coating was
imaged at an accelerating voltage of 5 kV with an original magnification of 2500x. The
nHA/PLGA coating was imaged at an accelerating voltage of 2 kV with an original of
2500x. EDX analysis was performed at an accelerating voltage of 10 kV with an original

magnification of 2500x.

3.3- Results

3.3.1- Characterization of the nHA Particles

Figure 3.1 shows the SEM image, EDX spectrum and quantification of elemental
composition, and XRD spectrum of nHA synthesized in this study. The nHA particles
(Figure 3.1A) had an average Feret maximum diameter of 63+50 nm based on
quantitative analysis of the binary masks of the SEM images (Figure 3.1B) using Imagel.
EDX analysis showed that the nHA particles had a Ca/P ratio of 1.67, same as the Ca/P
ratio of natural bone (Figure 3.1C). XRD spectrum demonstrated that the synthesized
particles had the desired HA phase (Figure 3.1D) and similar crystal structure as the HA

extracted from bone [124].
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Figure 3.1: Characterization of nHA. (A) SEM image of the synthesized
nHA particles. (B) Binary mask of the (A) SEM image of nHA particles. The
Feret maximum diameter of the nHA particles was 63+50 nm based on the
Imagel analysis. (C) EDX spectrum of the nHA and quantification of its
elemental composition. The nHA had the desirable Ca/P ratio of 1.67. Both
SEM and EDX were conducted at a 10 kV accelerating voltage. SEM images
were taken at a magnification of 100,000 x while EDX spectrum was taken
at a magnification of 2500 x. (D) XRD spectrum of the nHA shows the peaks
matching with the HA standard.
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3.3.2- Characterization of the Coated and Non-coated Mg Substrates

Figure 3.3 shows the SEM images of the cross-sections of the PLGA and
nHA/PLGA coatings on Mg substrates. The PLGA coating had a thickness of 538 um
(Figure 3.2A) and the nHA/PLGA coating had a thickness of 49+5 um (Figure 3.2B),
according to Imagel analysis of the cross-gsection images. The thicknesses of the PLGA
and nHA/PLGA coatings were intentionally controlled to be similar to each other during
spin coating to ensure the comparability of their degradation results and eliminate the

effects of the coating thickness factor on the degradation results.

(A)

__ Cross-section of PLGA coating (538 um)
T e ; : l Cross-section of Mg gubstrate

100 pm

Cross-section of nHA/PLGA coating (4945 pum)

Cross-section of Mg substrate

100 um

Figure 3.2: Coating cross-section images. (A) SEM image of the cross-section of
PLGA coated Mg. The PLGA coating thickness was 53+8 um. (B) SEM image of
the cross-section of nHA/PLLGA composite coated Mg. The coating thickness was
49+5 um. The SEM images were taken at an original magnification of 250x with
a 5 kV accelerating voltage.

Figure 3.3 shows the SEM images of the surfaces of the PLGA and nHA/PLGA
films and their respective coatings on the Mg substrates in comparison with non-coated

Mg and CaP coated Mg controls. The PLGA film was smooth without any significant
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surface features (Figure 3.3 A), while the nHA/PLGA film appeared rough due to the
presence of nHA nanoparticles (Figure 3.3B). Figure 3.3C shows the binary mask of
Figure 3.3B. Similarly, the PLGA coating on the Mg substrates was smooth (Figure
3.3D) and the nHA/PLGA coating appeared rough due to the presence of nHA
nanoparticles (Figure 3.3E). Figure 3.3F shows the binary mask of Figure 3.3E. As
expected, the non-coated Mg had a smooth surface (Figure 3.3G). The CaP coated Mg
control had a rough surface with micron-scale CaP particulate features (Figure 3.3H).
The nHA particles in the nanocomposite film (Figure 3.3B) showed a Feret
maximum diameter of 6428 nm according to quantitative analysis of the ImagelJ binary
mask (Figure 3C). This diameter is very similar to the average Feret maximum diameter
of nHA particles (i.e., 63+50 nm), which demonstrated the homogenous dispersion of
nHA in the PLGA matrix. In comparison, the nHA particles in the nanocomposite coating
(Figure 3E) showed a Feret maximum diameter of 269+130 nm according to quantitative
analysis of the Imagel binary mask (Figure 3F), which indicated some degree of

agglomeration as compared with the nanocomposite film.
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Figure 3.3: SEM images of the surfaces of the materials of interest before
degradation studies. (A) The SEM of the PLGA film. (B) The SEM of the
nHA/PLGA film. (C) The binary mask of the (B) SEM image of the
nHA/PLGA film. (D) The SEM of the PLGA coated Mg. (E) The SEM of
the nHA/PLGA coated Mg. (F) The binary mask of the (E) SEM image of
the nHA/PLGA coated Mg. (G) The SEM of the non-coated Mg control.
(H) The SEM of the CaP coated Mg control. SEM images of the PLGA
and nHA/PLGA surfaces were taken at an original magnification of
100,000x with a 5 kV accelerating voltage. SEM images of the non-
coated Mg and CaP coated Mg were taken at an original magnification of
2,500x with a 15 kV accelerating voltage.
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3.3.3- Degradation Rate Determined by PDP Test

The PLGA and nHA/PLGA coatings significantly increased the corrosion
potential (Ecorr) and decreased the corrosion current (Ieorr) of Mg substrates during PDP
testing in rSBF at 37°C, as shown in Figure 3.4 A. Therefore, the Mg corrosion rate (CR,
mm/year) decreased, as shown in Figure 3.4B. The nHA/PLGA coating increased the
average Ecorr more than the PLGA coating, although both of them showed higher average
Ecorr than the non-coated Mg. The PLLGA coatings reduced the Ieor one order of
magnitude lower than non-coated Mg, and the nHA/PLGA coating reduced the Leor one
order of magnitude lower than the PLGA coating. Due to the reduction of Icor, the
calculated corrosion rates for the PLLGA coated and nHA/PLGA coated samples were
significantly decreased. Specifically, the corrosion rates were in the following order from
the slowest to the fastest degrading: nHA/PLGA coated Mg < PLGA coated Mg < non-
coated Mg. The effects of PLGA and nHA/PL.GA coatings on the degradation rates of
Mg were statistically significant, as demonstrated by the calculated p value of 0.00367

using the Kruskal-Wallis test.
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Figure 3.4: PDP analysis of coated and non-coated Mg. (A) PDP plots
of non-coated Mg, PLGA coated Mg, and nHA/PLGA composite coated
Mg measured in rSBF at 37°C. (B) The predicted Mg corrosion rates
were calculated based on ASTM standard G 102-89
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3.3.4- Degradation Determined by Immersion Method

3.3.4.1- Changes to Surface Morphology during Degradation

Immersion of the samples in the rSBF solution altered their surfaces, as shown in
Figure 3.5. The non-coated Mg and AZ31 substrates initially had shiny silver colored and
smooth metallic surfaces. After 1 hour incubation in rSBF, their shiny smooth surfaces
turned into beige colored rough surfaces due to oxidation of Mg and deposition of
degradation products. The non-coated Ti surfaces did not change much after incubation
in rSBF, although they were slightly less shiny after 24 hours incubation. The PLLGA and
nHA/PLGA coatings on the Mg and AZ31 substrates initially were transparent, and their
appearances changed dramatically after immersion in rSBF. Small pores started to form
in both the PLLGA and the nHA/PLGA coatings after 1 hour incubation, and then grew
larger with formation of more pores as the incubation time increased. With the
progression of the degradation, the adjacent pores started to merge with one another to
form larger cavities, and the PLGA and nHA/PLLGA coatings on both the Mg and AZ31
substrates became opaque white. Eventually, the propagation of the pores caused the
coatings to delaminate from the Mg and AZ31 substrates. The nHA/PLGA coatings
delaminated slightly earlier than the PLGA coatings from the Mg substrates, after 4 hours
and 8 hours incubation, respectively. Similarly, from the AZ31 substrates, the
nHA/PLGA coatings delaminated after 4 hours incubation while the PLGA coatings
delaminated after 8 hours incubation. The immersion study was ended after 24 hours
incubation since the nHA/PLGA coatings and PLGA coatings delaminated from Mg-

based substrates. The CaP coated Mg control showed similar color throughout the
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immersion study, and visible degradation products started to accumulate on the surface
after 4 hours incubation. The PLGA and nHA/PLGA coatings on the Ti control substrates
did not show any significant change throughout the study. The PLGA coatings on the Ti
substrates remained transparent, but the nHA/PLLGA coatings became slightly opaque

after 24 hours incubation.

(A) Non-coated Mg

(G) Non-coated AZ31

Hours | 0 1 2 4 8 16 | 24

Hours

Figure 3.5: Photographs of the samples after immersion in rSBF. Samples were
incubated under standard cell culture conditions for the prescribed time points. (A)
Non-coated Mg. (B) PLGA film. (C) nHA/PLGA film. (D) CaP coated Mg. (E)
PLGA coated Mg. (F) nHA/PLGA coated Mg. (G) Non-coated AZ31. (H) PLGA
coated AZ31. (I) nHA/PLGA coated AZ31. (J) Non-coated Ti. (K) PLGA coated
Ti. (L) nHA/PLGA coated Ti.
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3.3.4.2- Changes to the Sample Mass during Degradation

Immersion of the coated and non-coated substrates in the rSBF solution had
profound effects on the sample mass change due to the simultancously occurring
degradation, precipitation and deposition processes (Figure 3.6 A-D). As shown in Figure
3.6A, similar mass changes were observed for all the samples initially, but after 24 hours
incubation, the PLGA and nHA/PLGA coated Mg samples showed more mass gain than
the non-coated Mg and CaP coated Mg samples. Figure 3.6B shows the mass change of
the coated and non-coated AZ31 samples. The nHA/PLGA coated AZ31 samples showed
mass gain after 16 hours incubation. After 24 hours incubation, however, the mass
dropped to approximately equivalent to the initial sample mass. Figure 3.6C shows the
mass change of the coated and non-coated Ti1 samples. The PLGA coated, nHA/PLGA
coated, and non-coated Ti substrates had negligible mass change during their immersion
in rSBF. This was expected since Ti is inert. Moreover, the mass of the Ti substrates was
much greater than the mass of the PLGA and nHA/PLGA coatings, which made the
relatively small mass changes from the coating degradation or CaP deposition less
detectable. Figure 3.6D shows the mass change of the PLGA and nHA/PLGA films. The

nHA/PLGA film gained more mass after 8 hours than the PLGA film.
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Figure 3.6: Sample mass and pH change in rSBF. (A-D) Mass change of the
coated versus non-coated Mg, AZ31, and Ti samples and the controls and (A’-D")
the respective pH change of rSBF during 24-hours incubation. Mi/Mpy is the sample
mass at the respective time point divided by its initial mass. (A and A”): Mg as
substrate. (B and B”) AZ31 as substrate. (C and C”) Ti as substrate. (D and D)

films only (no substrate).
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3.3.4.3- Changes to the pIl of rSBI during Degradation

Immersion of the coated and non-coated Mg and AZ31 substrates in the rSBF
resulted in pH increase, while the films and coated and non-coated Ti substrates did not
show any significant pH changes (Figure 3.6 A’-D”). The effects of Mg degradation on
the pH changes of the rSBF immersion solution were more pronounced than the mass
changes of the samples. Figure 3.6 A" shows the pH changes of rSBF when cultured with
the coated and non-coated Mg samples in comparison with rSBF control. At the first 8
hours incubation, the pH of tSBF cultured with the non-coated and CaP coated Mg
samples increased more significantly than the PLGA coated and nHA/PLGA coated Mg
samples, which indicated that the PLGA and nHA/PL.GA coatings alleviated alkalization
of the rSBF. After the 8 hour time point, the PLGA coating decreased rSBF alkalization
from Mg degradation more effectively than the nHA/PLGA.

As compared to Figure 3.6 A°, Figure 3.6B’ shows the similar trend for the PLGA
coated and nHA/PLGA coated AZ31 samples versus non-coated AZ31 samples. Briefly,
before the 8 hour time point, the PLGA and nHA/PLGA coatings relieved alkalinity of
rSBF to some degree as compared with much higher pH for the non-coated
AZ31samples. However, the pH of rSBF containing the PLGA and nHA/PLGA coated
AZ31 samples increased after the 8 hour time point, and reached a similar level as the
non-coated AZ31 samples at 24 hour time point.

In contrast to the Mg-based substrates, the coated and non-coated Ti control

samples did not cause any significant pH changes in rSBF, as shown in Figures 3.6C".
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Figure 3.6D" shows that the PLLGA and nHA/PLLGA films did not cause any detectable

pH change in rSBF either.

3.3.4.4- Changes to Mg and Ca Ion Concentrations in rSBF during
Degradation

Immersion of PLGA coated Mg, nHA/PLGA coated Mg, CaP coated Mg, and
non-coated Mg samples in rSBF altered the Mg and Ca ion concentration of rSBF, as
shown in Figure 3.7. Figure 3.7A shows that Mg ion concentration in rSBF increased for
all the samples, including non-coated Mg, PLGA coated Mg, nHA/PLGA coated Mg, and
CaP coated Mg; as compared to the constant Mg ion concentration of the rSBF control.
Before the 8 hour time point, the non-coated Mg samples released more Mg ions than the
PLGA coated and nHA/PLGA coated Mg samples. This indicated that the PLGA and
nHA/PLGA composite coatings protected the Mg substrates from degradation. After the
8 hour time point, the Mg ion concentrations of rSBF containing the PLGA and
nHA/PLGA coated Mg samples increased significantly. Specifically, at the 24 hour time
point the nHA/PLGA coated Mg samples released a similar amount of Mg ions as the
non-coated Mg control. Interestingly, the PLGA coated Mg samples released less Mg
ions than the non-coated Mg control throughout the 24 hour incubation period. The CaP
coated Mg released less Mg ions than the non-coated Mg after 24 hours immersion, but
released more Mg ions than the PLGA and nHA/PL.GA coated Mg during the initial 4
hours incubation.

Figure 3.7B shows that the PLGA coated Mg, nHA/PLGA coated Mg, and non-

coated Mg samples all reduced the concentrations of Ca ions in the rSBF after 8 hours
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incubation as compared with the rSBF control. The reduction of Ca ion concentration in
rSBF indicated the deposition of Ca containing salts onto the samples during incubation.
Specifically, after 8 hours incubation, the nHA/PLGA coated Mg samples showed more
reduction in Ca ion concentration than the PLGA coated and non-coated Mg samples,
indicating more Ca containing salts deposited on the nHA/PLGA coated surfaces. The Ca
ion concentration of the rSBF containing the CaP coated Mg samples fluctuated during

24 hours immersion and became the same as the rSBF control at 24 hour time point.
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Figure 3.7: Ton concentration change in rSBF after sample immersion.
The change of (A) Mg ion concentration and (B) calcium (Ca) ion
concentration in rSBF after the non-coated Mg, PLGA coated Mg, and
nHA/PLGA coated Mg samples were incubated in rSBF for the
prescribed time points.

3.3.4.5- Changes to Surface Microstructure and Composition during
Degradation

The PLGA and nHA/PLGA coatings on Mg substrates after 24 hours degradation
in rSBF were examined using SEM and EDX, as shown in Figure 3.8. Figure 3.8 A shows

the presence of micropores on the PLLGA coating. These micropores allowed water to
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penetrate the coating and reach the Mg substrate. According to the EDX results shown in
Figure 3.8 A’, no CaP deposition was observed on the PLGA coatings. The surface
morphology of nHA/PLGA coating changed significantly due to the CaP deposition and
Mg degradation, as shown in Figures 3.8B and 3.8C. According to the EDX results
shown in Figures 3.8B” and 3.8C", a significant amount of CaP deposited onto the
nHA/PLGA coatings. Apatite rosettes with increased surface elemental percentage of Mg
were observed on the nHA/PLLGA coating (Figure 3.8C), indicating possible Mg

substitution of Ca in the CaP crystal structure.
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Figure 3.8: SEM images and respective EDX analyses of the coatings
delaminated from Mg substrates after 24-hours degradation in rSBF. (A-C):
SEM images and (A’-C"): respective EDX results. (A and A”) PLGA coating, (B
and B") nHA/PLGA coating, and (C and C’) crystal deposited on the
nHA/PLGA coating. Scale bars: 20 um. Original Magnification: 2500 x. The
SEM images of the PLGA and nHA/PLGA coatings were taken at an
accelerating voltage of 5 kV and 2 kV respectively. EDX spectrum was obtained
at a magnification of 2500 x with a 10 kV accelerating voltage.

3.3.4.6- Gas Evolution and Delamination of Coatings
Hydrogen gas (H») is another degradation product of Mg in addition to Mg ions
and hydroxide ions. Figure 3.9 shows that visible gas bubbles formed in the rSBF

containing the coated and non-coated Mg and AZ31 samples, but not in the rSBF
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containing the coated and non-coated Ti samples or the PLGA and nHA/PL.GA films.
This indicated that the gas bubbles were from the H» produced by the reaction between
Mg and water rather than hydrolysis of the coatings. The rSBF containing the non-coated
Mg, the CaP coated Mg, and the non-coated AZ31 samples showed more bubbles than
that of the PLGA coated and nHA/PLGA coated Mg and AZ31 samples. Moreover, the
H: bubbles distributed across the culture wells for the non-coated and CaP coated Mg
samples and the non-coated AZ31 samples. In contrast, the gas bubbles were only
observed around the edges of the PLGA and nHA/PLGA coated Mg and AZ31 samples.
As Ti is inert, there were no bubbles observed around the PLGA and nHA/PLGA coated
Ti and non-coated Ti, confirming that the gas bubbles were H; gas released from Mg

degradation rather than the coating degradation.

Figure 3.9: Hydrogen gas
evolution after 2 hours of
the sample degradation in
rSBF. (A) Non-coated
Mg. (B) PLGA film. (C)
nHA/PLGA film. (D) CaP
coated Mg. (E) PLGA
coated Mg. (F)
nHA/PLGA coated Mg,
(G) Non-coated AZ31.
(H) PLGA coated AZ31.
() nHA/PL.GA coated
AZ31. (J) Non-coated Ti.
(K) PL.GA coated Ti. (L)
nHA/PLGA coated Ti.




3.4- Discussion

3.4.1- Composite Coatings had Nanoscale Features

Even though the size of agglomerates in the nHA/PLGA coating was larger than
that of the nHA crystals in deproteinated bone (25-50 nm) [125] and the synthesized nHA
particles (63+50 nm), the coating still maintained surface features at the nano-scale (100
nm to 400 nm) that have been reported to promote osteoblast functions [126]. The
agglomerates in the nanocomposite coating might have been caused by the time lapse
between the high-power sonication and the spin coating process, which will be addressed

in future studies by optimizing the coating deposition process.

3.4.2- The nl1A was Well Dispersed in the nlIA/PL.GA Films and Coatings

The dispersion states of nHA particles in the nanocomposite film or coating play
an important role in the mechanical and biological properties of nanocomposites.
Specifically, it has been reported that homogenously dispersed nanoparticles in PLGA
matrices enhanced the mechanical properties of the nanocomposites and improved the
osteoblast adhesion and long-term functions in vitro, as compared with the agglomerated
nanoparticles in PLGA composites [105, 127]. The procedures for the preparation of the
nanocomposite suspension and spin coating process had significant effects on the
dispersion of nHA in the final composite coatings. In this study, the nHA/PLGA
composite suspension contained 30 wt.% nHA and 70 wt.% PLGA which corresponded
to a 15.39 vol.% nHA and 84.61 vol.% PLGA theoretically, based on calculations using

equation 3.2.
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Mg

Vgs = 52824 — % 100% Eq. 3.2

Mps Mprca
PHA PPLGA

Vaa 1s the volume percent of nHA in the nHA/PLGA composites. Mua is the
mass of nHA in the composites; pra is the theoretical density of nHA; Mprga is the mass
of PLGA in the composites; pprga 1s the theoretical density of PLGA.

The nHA particles occupied 27.90% of the area on the surface of the nHA/PLGA
composite film and 45.30% of the area on the surface of the nHA/PLGA composite
coating on Mg, according to the quantitative image analysis of Figures 3.3C and 3.3F.
The area percentages of nHA particles on the surfaces of the composite film and the
coating were both greater than the theoretical volume percentage of nHA particles in the
PLGA matrix. This indicated that the nHA particles retained their nanoscale-size and
remained on the surface rather than settling down to the bottom even though they may
have some degree of agglomeration with each other. According to the Stoke’s law,
nanoparticles would be able to remain dispersed in the polymer matrix as long as the size
of agglomerates was small enough to ensure a slower sedimentation rate than the solvent
evaporation rate. It is also important to point out that residual PLGA might have adhered
to the glassware used for preparing the nanocomposite suspension, which resulted in the
decrease of the PLGA volume percent and increase of nHA volume percent in the
composite films and coatings. This will be addressed in the future studies by optimizing
the procedures for composite and coating preparation, e.g., using PTFE vessels instead of

glassware to reduce the loss of PLGA. Moreover, initiating the spin coating process
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immediately after high power sonication of the composite suspensions will further

improve the dispersion of nHA in the nanocomposite coatings.

3.4.3- Delamination Limited the Duration of the Coatings Effectiveness

The appearance of the nHA and PLLGA coatings on Mg deteriorated at every time
point, after 8 hours immersion the coatings had numerous gas cavities and localized
detachment from their substrates (Figure 3.5). This delamination prevented the coatings
from effectively controlling substrate degradation at later immersion times. The
delamination also liberated trapped Mg degradation products from previous time points
on the substrate surfaces, which further increased the local pH and [Mg?*].

The PLGA and nHA/PLGA coatings on the Mg and AZ31 substrates initially
prevented large increases to the local pH and [Mg?*]. After 8 hours of immersion, the pH
and [Mg?] rose significantly, and the increased release of both ions mirrored each other
(Figure 3.6, 3.7). The nHA/PLGA coated Mg eventually had pH and [Mg?*] that were
nearly equal to non-coated Mg, while the PLGA coated Mg had slightly lower values in
comparison to non-coated Mg. This demonstrated that PLGA and nHA/PLGA coatings
can effectively control Mg degradation during the early stages of degradation, but
improved engineering of these coatings is needed to extend the period of time that they

can effectively reduce Mg degradation rates.
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3.4.4- Dispersed nl1A Improved CaP Deposition onto Coating Surfaces during
Immersion

The PLGA coated Mg, nHA/PLGA coated Mg, and non-coated Mg samples all
reduced the concentrations of [Ca®"] in the rSBF after 8 hours incubation as compared
with the rSBF control (Figure 3.7). The reduction of [Ca®"] in rSBF indicated the
deposition of Ca containing salts onto the samples during incubation. Specifically, after 8
hours incubation, the nHA/PLGA coated Mg samples showed more reduction in [Ca®"]
than the PLGA coated and non-coated Mg samples, indicating more Ca containing salts
deposited on the nHA/PLGA coated surfaces.

The PLGA coatings on Mg substrates developed micropores after 24 hours of
immersion (Figure 3.8 A), which allowed water to penctrate the coating and reach the Mg
substrate. No CaP deposition was observed on the PLGA coatings for Mg substrates
(Figure 3.8A"). Contrastingly, the surface morphology of nHA/PL.GA coating changed
significantly due to the CaP deposition and Mg degradation (Figure 3.8B). A layer of
deposits was clearly visible on the surface, and the micropores observed on the PLGA
coating were not present on the nHA/PLGA coating. A significant amount of CaP was
deposited onto the nHA/PLGA coatings (Figure 3.8B”). The nHA in the PLGA matrix
served as the nucleation sites to attract the CaP mineral deposition. The deposition of CaP
was also confirmed by the reduction of [Ca?"] in the rSBF (Figure 8B).

Apatite rosettes with increased surface elemental percentage of Mg were observed
on the nHA/PLGA coating (Figure 3.9C, C°), indicating possible Mg substitution of Ca in

the CaP crystal structure. Mg substitution of Ca in the HA crystals has been known for
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enhancing osteoblast adhesion and long-term functions on the HA [128], and improving
osseointegration of the implants coated with HA [129]. Additionally, the incorporation of
nHA in the PLGA matrix increased water absorption [94], which in turn may have

resulted in more rSBF constituents locally available for deposition onto the surface.

3.4.5- Gas Evolution Promoted Delamination of Coatings

Hydrogen gas (1) is another degradation product of Mg in addition to [Mg?]
and OH". Figure 3.9 shows that visible gas bubbles formed in the rSBF containing the
coated and non-coated Mg and AZ31 samples, but not in the rSBF containing the coated
and non-coated Ti samples or the PLGA and nHA/PLGA films. This indicated that the
gas bubbles were from the H; produced by the reaction between Mg and water rather than
hydrolysis of the coatings. The rSBF containing the non-coated Mg, the CaP coated Mg,
and the non-coated AZ31 samples showed more bubbles than that of the PLGA coated
and nHA/PLGA coated Mg and AZ31 samples. Moreover, the H, bubbles were
distributed across the culture wells for the non-coated and CaP coated Mg samples and
the non-coated AZ31 samples. In contrast, the gas bubbles were only observed around the
edges of the PLGA and nHA/PL.GA coated Mg and AZ31 samples. Less gas bubbles
around the PLLGA coated and nHA/PL.GA coated Mg and AZ31 samples indicated that
these coatings did protect the substrates from rapid degradation initially.

Although the degradation of PL.GA releases carbon dioxide gas (CO»), the gas
bubbles observed in Figure 3.9 is unlikely to be CO;. PLGA has to first degrade into
lactic and glycolic acids (intermediate degradation products) in order to release CO; and

water as the final degradation products. It takes several weeks for a PLGA scaffold to
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degrade to a level where the dissolved lactic acid can be detected [130]. Therefore, the
gas bubbles released during the first two hours immersion were not CO; from PLGA
degradation. In addition, there were no bubbles observed around the PLGA and
nHA/PLGA coated Ti and non-coated Ti, confirming that the gas bubbles were H, gas
released from Mg degradation rather than the coating degradation.

The results indicated that Mg degradation and associated H» gas release initiated
the coating delamination process. Figure 3.10 illustrates the speculated mechanisms for
the coating delamination from Mg-based substrates. Before the PLGA coated Mg or
AZ31 samples were immersed into the rSBF, the PLGA adhered onto the Mg or AZ31
substrates uniformly. As soon as the samples were immersed into the rSBF solution,
PLGA started to absorb water, which resulted in water diffusion into coating-substrate
interface and thus exposed Mg or AZ31 to water. Immediately, Mg started to react with
water and release Hy gas. As Mg degradation continued, more Hz gas molecules evolved
and started to cluster to minimize their free energy, resulting in pore formation and gas
bubbles observed in Figures 3.8 and 3.9. Accumulation of gas bubbles led to
delamination of the coatings from Mg-based substrates. In contrast, the PLGA and
nHA/PLGA coatings did not delaminate from Ti substrates since Ti is inert and is
considered non-degradable in rSBF. Therefore, water absorption by the PLGA and H, gas

evolution from the Mg degradation both contributed to the coating delamination.
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Figure 3.10: [llustration of the speculated mechanism for coating
delamination from Mg-based substrates.

It is important to point out that the nHA/PL.GA coated Mg showed an increase in
corrosion potential as compared with the PLGA coated and non-coated Mg and should
slow down Mg degradation more effectively if the coating does not delaminate. The
nHA/PLGA coatings will also improve osteoconductivity compared to the PLGA

coatings, which is critical for bone implant applications. Therefore, the coating properties
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(e.g. hydrophobicity) must be engineered to reduce water uptake and permeability during

immersion in the rSBF, which will alleviate the challenge of delamination.

3.5- Conclusions of Chapter 3

The nHA/PLGA nanocomposite coatings are promising for Mg alloys because
they possess complementary mechanical, biological, and degradation properties. The
PLGA and nHA/PLGA coatings significantly reduced the degradation rates of Mg and
AZ31 substrates. Moreover, increased CaP deposition on the nHA/PLGA coated Mg
substrates in rSBF could potentially improve the bioactivity of the surface for bone tissue
integration. However, delamination of the PLGA and nHA/PLGA coatings from their
substrates remains a challenge. This delamination can be prevented by reducing the
permeability of the coatings so that less water reaches the Mg substrates, which will in

turn reduce Mg surface instability and H» evolution.
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Chapter 4- Optimization of Nanocomposite Coatings for Improved Interfacial

Properties of Mg Substrates

4.1-  Specific Challenges and Aims
The previous section demonstrated that nHA/PLGA coatings significantly
reduced Mg degradation and alkalization of the local environment, but also discovered
that delamination limited the duration over which the coatings protected their substrates
from degradation [25]. This section investigated different polymer components, post-
deposition processing routes, and substrate surface types to discover and address the
causes of the rapid coating delamination. PLGA, PLLA, and PCL were chosen as the
polymer coating components because of their extensive history as biomaterials, ease of
use, and diverse properties. The different outcomes of the coating types shed light on the
root causes of delamination and provided guidelines for the future design of coatings for
Mg.
The specific aims of this section were:
1. Optimize the nanocomposite coatings to maximize the synergy between the three
components (i.e. nHA, polymer component, Mg substrate).
a. Screen the different combinations of coating parameters for the lowest
corrosion rates using potentiodynamic polarization tests.
b. Characterize the slowest degrading sample types from Objective 1a using
immersion degradation studies.
2. Characterize bone cell adhesion to the slowest degrading sample type from

Objective 1.
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4.2-  Materials and Methods

4.2.1- Preparation of Magnesium Substrates

Mg-based bars (97% Mg, 3% Al, 1 mm thick; Miniscience, Cat# MGFLAT) were
ground with 600 grit silicon carbide paper (SiC; Ted Pella) while using ethanol (EtOH;
Koptec) as a lubricant. The grinded Mg bars were then cut into 10 x 10 mm squares using
a notcher (no. 100, Whitney Metal Tool Co). The Mg substrates were degreased in
acetone (Sigma Aldrich) in an ultrasonic bath (VWR Symphony) for 30 minutes, and
then cleaned in ethanol in the same ultrasonic bath for another 30 minutes. These Mg
substrates had a metallic surface and were designated as M Mg,

A separate group of M_Mg substrates had their surface modified using an alkaline
heat treatment procedure to create a surface rich in Mg(OH); [123]. Nucleating agents
like Mg(OH); could increase the crystallinity of polymers [131-134], which reduces the
permeability of the polymer component of the nanocomposite coatings. The alkaline heat
treatment was performed by immersing the M_Mg substrates in 1 M NaOH (Strem
Chemicals) at 80 °C for 2 hours. After immersion, the substrates were gently rinsed with
deionized (DI) water (Millipore Milli-Q® Biocel System) for three times and dried in air
at room temperature. These alkaline-heat-treated substrates were named as A Mg,

Before the coating deposition, the M Mg or A Mg substrates were cold mounted
into epoxy resin (MG Chemicals, Cat # 832HT) with a diameter of 18 mm and a
thickness of 2 mm. Only a single face of 10 x 10 mm of the Mg substrates was exposed
for coating. Prior to mounting, a copper wire was secured underneath each Mg substrate

using a copper tape for PDP measurements. The copper wire was encased in epoxy until
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it exited the epoxy disk at one side, which insulated the copper wire from electrolyte

when the exposed surface of the Mg substrate was completely immersed in rSBF.

4.2.2- Preparation of Nanocomposite Coatings on the Mg Substrates

The nHA was prepared using a wet chemistry precipitation method followed by
hydrothermal treatment, as described previously [25]. The nHA was added to (85:15)
PLGA (200 kDa, Cat# AP52), PLLA (230 kDa, Cat# AP65), or PCL (200 kDa, Cat#
AP09) at a ratio of 30 wt.% nHA to 70 wt.% polymer. All polymers were procured from
Polyscitech. The nHA/polymer mixtures were then suspended in a 10 wt./vol. %
concentration in chloroform (Sigma Aldrich), and mixed in an ultrasonic bath (VWR
Symphony) at 40 °C for 1 hour. The suspensions were dried in air for 1 hour on
polytetrafluoroethylene (PTFE) dishes, and then re-suspended in chloroform again in the
same ultrasonic bath at 40 °C for 2 hours, to reduce the settling of the nHA particles. To
further improve the dispersion of nHA nanoparticles, the nanocomposites were sonicated
at high power (9 W, 20 kHz; Misonix Sonicator S-4000) for 10 min.

The nHA/polymer suspensions were deposited onto the Mg substrates using a
spin coater (Smart Coater; Best Tools, LLC). The spin coating speed was adjusted such
that all the coatings had a similar thickness in the range of 30-40 um. The other spin
coating parameters were kept as constant. That is, the spin coating duration was always
60 seconds, and the spin-coating speed always increased by 1000 revolutions per minute
for each second of acceleration until reaching the desired speed. Generally, the higher
viscosity nHA/PLLA suspension required a higher spin coating speed to achieve the

desired coating thickness, the lower viscosity nHA/PCL suspension required a lower spin
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coating speed, and the nHA/PLLG A suspension with an intermediate viscosity had an
intermediate spin coating speed. For the same polymer component, the A Mg substrates
required a higher spin coating speed than the M Mg substrates. The details of the spin

coating parameters and coating thickness measurements are summarized in Table 4.1.

Table 4.1: Spin-coating speed and coating thickness for three nanocomposites with
different polymer components on the Mg substrates with metallic surface (M Mg) or
alkaline heat treated surface (A Mg). The thicknesses of nanocomposite coatings on the
Mg substrates were quantified based on optical images of sample cross sections using
Tmasel.

Spin-coating Parameters and Coating Thickness
Substrate |Polymer Component in the| Spin Speed | Average Coating Thickness
Surface | Nanocomposite Coatings (RPM) (pm)
M_Mg PLGA 400 34=1
A Mg PLGA 700 39+4
M Mg PLLA 700 34L2
A Mg PLLA 800 39+4
M Mg PLL 375 41=1
A Mg PCL 600 3341

A digital micrometer (Marathon; Marathon Watch Company L. TD) was used to
measure the sample thickness before and after spin coating. The difference between the
two measurements was the coating thickness. These coating thickness measurements
were confirmed using optical images of the sample cross-sections. Imagel] was used to
measure the thickness of the coating cross-sections in the optical images. To obtain the
cross-section images, the Mg substrates were cut in half using a notcher and then
mounted in epoxy side-by-side in their original orientation for spin coating. After spin

coating, a razor was used to cut the coating in-between the two halves of the substrates,
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and one of those halves was removed from the the epoxy mount so that its cross-sections
could be imaged using an optical microscope (SE305R-P; AmScope) at an original
magnification of 30x.

The coatings deposited on the Mg substrates were subjected to one of four
different post-deposition processing routes: (1) no post-deposition processing, (2) melting
the coating for 5 minutes, (3) annealing the coating for 30 minutes, and (4) melting the
coating for 5 minutes followed by annealing the coating for 30 minutes. The nHA/PLGA
and nHA/PLLA coatings were melted by heating in an oven (HeraTherm; Thermo
Scientific) at 200°C for 5 minutes, and/or annealed by heating at 115°C for 30 minutes. A
melting temperature of 200 °C was chosen because it 1s frequently used to melt PLLLA
[135, 136]. Melting temperatures are generally not given for PLGA because it is
amorphous. The same 200°C melting procedure was used for nHA/PLGA because its
polymer component was 85% PLA, and glycolic acid has a much higher thermal
degradation temperature than PLA. The nHA/PLGA was viscous and sticky after the
melting process. The annealing procedure for PLLGA was chosen because it reduced water
uptake by the polymer the most effectively [137]. The annealing temperature for PLLLLA
was chosen because PLLA formed smaller crystals at 115°C as compared with higher
temperatures [138] and developed higher crystallinity at 115°C as compared with lower
temperatures [139]. The nHA/PCL coatings were melted by heating at 80°C for 5
minutes, and/or annealed by heating at 50°C for 30 minutes; these temperatures were
chosen based on the literatures [140, 141]. Annealing PCL at 50°C is known to reduce

the diffusion of water soluble drugs more efficiently than lower annealing temperatures,
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which demonstrates a greater reduction to water diffusion rates [142]. All samples were
cooled in air at room temperature for 10 minutes after post-deposition processing. The
non-coated Mg controls did not go through the post deposition processing since there

were no polymers involved.

4.2.3- Measurement of Surface Hydrophobicity

The surface hydrophobicity influences water permeability and cell activities on
the surfaces. The polymer types and post-deposition processing could significantly alter
the hydrophobicity of the nanocomposite coatings. To determine the surface
hydrophobicity, the contact angle on the sample surface was measured using a
goniometer (EasyDrop; Kriiss). Specifically, the advancing contact angles were measured
20 seconds after depositing 2 pl. of deionized (DI) water on the surfaces. The contact
angles of three replicate samples were measured for each sample type; and each sample
was measured three times in three different areas. The average and standard error of the
measurements were calculated and plotted. The contact angle measurements were
performed for all different combinations of variable parameters of Mg substrate surface
conditions (M_Mg and A Mg), polymer types in the nanocomposite coatings (PLGA,
PLLA, and PCL), and post-deposition processing (None, Annealed, Melted, and Melted

then Annealed), as listed in Table 4.2.
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Table 4.2: List of nHA/polymer nanocomposite coated Mg samples with all the
processing parameters that were investigated, screened, and compared for optimal
outcome. Contact angle was measured to compare surface hyvdrophobicity.
Potentiodynamic polarization (PDP) curve was measured to select the samples with the
lowest corrosion current. For each pair of polymer component and substrate surface
type, only the prescribed post-deposition processing that resulted in the lowest corrosion
current were included in the subsequent studies. Only the best combination of all the
variables (substrate surface type, polymer component, and post-deposition processing)
that reduced Mg degradation most effectively was selected for further studies with
BMSCs.

L —T— m Indicates t-he sample-es that were included
in respective study
Substrate Polymer Post~Depo§ition Contact Angle S?;:;:;?;‘n BM S‘C
Surface Types Processing BDP (s | oatieAdkesien Adhesion
M Mg nHA/PLGA [None [ | [ ]
M Mg nHA/PLGA |Annealed u
M Mg nHA/PLGA |Melted =
M Mg nHA/PLGA | Melted then Annealed =
A Mg nHA/PLGA |None L]
A Mg nHA/PLGA |Annealed ]
A Mg nHA/PLGA |Melted ]
A Mg nHA/PLGA [Melted then Annealed ]
M Mg nHA/PLLA [None ] n
M Mg nHA/PLLA  |Annealed =
M Mg nHA/PLLA |[Melted u
M Mg nHA/PLLA |Melted then Annealed |
A Mg nHA/PLLA  |None ]
A Mg nHA/PLLA  |Annealed u
A Mg nHA/PLLA  [Melted ]
A _Mg nHA/PLLA Melted then Annealed -] ]
M Mg nHA/PCL None B
M Mg nHA/PCL Anncaled [
M Mg nHA/PCL Melted u
M Mg nHA/PCL Melted then Annealed B u u
A Mg nHA/PCL None [ ]
A Mg nHA/PCL Annealed )
A Mg nHA/PCL Melted u
A_Me nHA/PCL Melted then Annealed ] u
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4.2.4- Potentiodynamic Polarization Measurements for Corrosion Rates

The poteniodynamic polarization (PDP) study was performed according to ASTM
standard G 102-89. The PDP tests were conducted in rSBF using a
Potentiostat/galvanostat (model 273 A; EG&G Princeton applied research) to screen the
corrosion rates of all the samples prepared using different parameters. The rSBF was used
because it represents the same ionic concentration as in human blood plasma [122]. Each
sample served as the working electrode, with an Ag/AgCl electrode as the reference
electrode (part # CHI111, CHI Instruments) and a Pt foil as the counter electrode (part #
CHI 115, CHI Instruments). The electrodes were immersed in rSBF at 37 °C for the PDP
measurements. For all the PDP measurements, the potential ranged from +1 Vto -3 V,
with a 10 mV step size and a (0.5-second step time at a 100 mV/s scan rate. On the PDP
curves, straight lines were drawn along the linear portion; the corrosion current (Ieorr) and
corrosion potential (Ecor) were extrapolated from the intersection of these straight lines.
The corrosion rate (CR) (in mm/year) of the samples was calculated using the following

equation from ASTM standard G 102-89.

 ogre XKy XEW
o pxA

CR Eq. 4.1

Where Icorr 18 the corrosion current, K is the constant for unit conversion, EW is the
equivalent weight of Mg, p is the density of Mg, and A is the area of the sample
submerged in rSBF. EW and p were calculated for the Mg substrates with 97 wt.% Mg
and 3 wt.% Al. Specifically, K;=3.27x10"? (mmeg)/(uAscmeyear), EW=12.05, p=1.76
g/cm?, and A=1 cm®. PDP measurements were performed in triplicate for each sample

type listed in Table 4.2.
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4.2.5- Degradation Measurements via Immersion in rSBT

For each combination of Mg surface condition and polymer type of the
nanocomposite coatings, the post-deposition processing that resulted in the slowest
corrosion rates in the PDP measurements were selected for the subsequent immersion
study in rSBF, as shown in Table 4.2. Onthe M Mg surfaces, no post-deposition
processing showed slower corrosion rates for nHA/PLGA and nHA/PLLA coatings, and
the post-deposition processing of melted and then annealed showed slower corrosion
rates for the nHA/PCL coatings. On the A Mg surfaces, the post-deposition processing of
melted and then annealed showed slower corrosion rates. Thus, the degradation of these
samples was further studied in immersion. Non-coated Ti, nHA/PLGA coated Ti without
post-deposition processing, and epoxy disks were included as controls and references.
The immersion study was performed in triplicate for cach sample type.

For the immersion study, each sample was sterilized in enthanol (Koptec) for 1
hour, and then immersed in 4 mL of rSBF for 7 days under standard cell culture
conditions (that is, at 37 °C, 5% CO02/95% air, humidified, sterile environment). After
each day of incubation (i.e., every 24-hour incubation period), each sample was collected,
dried for at least 24 hours until reaching constant mass, and photographed under sterile
condition. After every 24 hours of incubation, the rSBF was collected for pH and ionic
concentration measurements, and fresh sterile rSBF was added. The pH of rSBF was
measured immediately after collection. The ionic concentration of rSBF was measured
using inductively coupled plasma - optical emission spectrometry (ICP-OES; Optima

8000, Perkin-Elmer). The rSBF collected at every 24 hours was diluted to 1/100 in DI
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water for measuring [Mg**] and [Ca®'] using the ICP-OES. The ICP-OES system was
calibrated using 0.5-5.0 mg/L. Mg*" standards and 0.1-1.0 mg/L Ca*" standards.

After 7 days of immersion in rSBF, the samples were examined using scanning
electron microscopy (SEM; Nova NanoSEM 450, FEI Co.) under low vacuum conditions
with a 5 KV accelerating voltage. The surface elemental composition of the samples was
measured using energy dispersive x-ray spectroscopy (EDX) under low vacuum
conditions with a 15 kV accelerating voltage. All samples for SEM and EDX analyses
were sputter-coated with Pt/Pd at 10 mA for 30 seconds (Cressington; Sputter Coater 108
Auto). The samples before the immersion study was also analyzed using SEM and EDX

for comparison.

4.2.6- Measurements of Coating Adhesion Strength

Tensile testing was used to measure the coating adhesion strength before and after
immersion, as illustrated in Figure 4.1. A mechanical testing system (Model #5969,
Instron) was used to perform the tensile testing at an extension rate of 1 mm/minute. The
coated samples were mounted for tensile testing following a procedure modified from the
literature [89]. Specifically, two wooden rods with a dimension of 5 x 5 x 50 mm were
mounted onto the top and bottom of the samples, which were then secured into the
Instron grips (Figure 4.1). One of the wooden rod was attached to the surface of the
nanocomposite coatings using cyanoacrylate-based adhesive (Loctite) and allowed to
cure for 24 hours at room temperature. This wooden rod was then fixed into the upper
Instron grip for moving upwards during tensile testing. Another wooden rod was

embedded in the cylindrical epoxy (Jetset; Metlab, catalog # M135A) jigs to secure the
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bottom of the samples, and then fixed into the lower Instron grip that remained stationary
during tensile testing. It is important to mention that the coating was outlined around the
perimeter of the attached wooden rod using a sharp blade, to ensure that it was the
coating adhesion strength being measured, not the tensile strength of the coating material.
The tensile testing was set to stop when the measured load dropped by 40%. The stress-

strain curve was plotted to calculate the coating adhesion strength.

Upper rod secured to the coating of
the sample with cyanoacrylate-based
adhesive

» Upper grip

Upper rod

Coated sample

Epoxy mount

Epoxy jig

Lower rod

Lower grip
Lower rod
cmbedded in
epoxy jig

Figure 4.1: Experimental setup for measuring coating adhesion strength. Tensile testing
was performed to measure the maximum force needed to detach the coating from the
substrate. The maximum force was used to calculate the coating adhesion strength.

4.2.7- BMSC Study In Vitro
Bone marrow derived mesenchymal stem cells (BMSCs) were harvested from the

marrow cavity of the femur and tibia of Sprague-Dawley rat weanlings for culturing with
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the best sample that showed the slowest degradation and the best coating adhesion, 1.e.,
nHA/PCL coated M Mg with the post-deposition processing of melting and then
annealing. Non-coated M Mg, nHA/PCL films without Mg substrates, epoxy mounts
without Mg substrates, glass, and polystyrene-tissue culture plate (PSTC) were used as
controls and references. All samples were run in triplicate. The rat weanlings were
euthanized by CO; asphyxiation using an established protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of California at
Riverside [143]. The distal ends of the femur and tibia were removed so that bone
marrow could be flushed out with Dulbecco's Modified Eagle Medium (DMEM; Sigma
Aldrich) supplemented with 10% fetal bovine serum (FBS; HyClone) and 1%
penicillin/streptomycin (P/S; Invitrogen). The DMEM supplemented with 10% FBS and
1% P/S will be referred to as DMEM. A 70 um nylon strainer was used to separate cell
aggregates and remove tissue debris. The harvested BMSCs were cultured in DMEM
under standard cell culture conditions to reach 90% confluency.

The samples were sterilized in ethanol for 1 hour before BMSC culture, placed
into the wells of a 12-well tissue culture treated plate, and washed with 2 mL of DMEM
to prepare the local environment for cell seeding. The BMSCs were detached using
Trypsin (Invitrogen), seeded onto the samples at a concentration of 10,000 cells/cm?, and
incubated for 24 hours under standard cell culture conditions. After 24 hours of culture,
each sample was washed with PBS to remove non-adherent cells. The adherent cells were
fixed with 4% paraformaldehyde, and stained with Alexa Fluor® 488-phalloidin for F-

actin and 4'.6-diamidino-2-phenylindole (DAPI; Invitrogen) for nucleic acids. Five
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random locations on the samples were imaged using a fluorescence microscope (Eclipse
T1; Nikon) with a 10x objective lens. The DAPI stained nuclei were counted in each
image to calculate the average cell adhesion density (cells/em?). The stained F-actin was
used to calculate the cell spreading area, maximum Feret diameter, and minimum Feret
diameter using Imagel. The aspect ratio of the BMSCs was calculated by dividing the

maximum Feret diameter by the minimum Feret diameter.

4.2.8- Statistical Analyses

R was used to perform the statistical analyses. The normal distribution of the data
was checked using the Shapiro-Wilks test. Homogeneity of variance was checked using
the Bartlett test. The distribution and variance of the data were used to determine the
suitable statistical tests.

The corrosion rates of the coated Mg substrates from the PDP measurements were
analyzed using factorial ANOVA, after a cubic root transformation was applied to the
data to ensure normal distribution and homogeneous variance. Factorial ANOVA was
used to reveal the interactions between experimental parameters. The non-coated Mg
substrates were not included in the factorial ANOV A analysis because their corrosion
rates were much greater than the coated Mg substrates and did not have a normal
distribution or homogenous variance. An unpaired two-tailed t-test was thus used to
compare the corrosion rates of the non-coated M__Mg and A Mg substrates.

A wild bootstrap test with Bonferroni correction was used to analyze the effects
of the coating polymer component, the post-deposition processing, the substrate surfaces,

and the immersion time on the [Mg?*] measured in the immersion study, the key indicator
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of the sample degradation rate. The wild bootstrap was used because the [Mg?"] data did
not have normal distribution or homogeneous variance. The Bonferroni correction was
used to control familywise error. The data was stratified for each time point of immersion
study in the wild bootstrap test.

The coating adhesion strengths before immersion and after immersion were
separately examined using the Kruskal-Wallis test, and the results did not show
statistically significant difference. This was mainly due to outliers that increased the
standard deviation, and the small number of samples tested.

The Kruskal-Wallis test was used to analyze the data from the in vitro BMSC
study to determine the statistical significance of sample type on cell adhesion density, cell
spreading area, and cell aspect ratio. The Kruskal-Wallis test was used because the data
did not have normal distribution or homogeneous variance. Post-hoc comparisons were

made using the Dunn test with the Bonferroni correction.

4.3- Results

4.3.1- Thickness of the Nanocomposite Coatings on Mg Substrates

The thickness of the nanocomposite coatings on Mg substrates was measured, as
listed in Table 4.1. The optical images of the sample cross sections are shown in Figure
4.2. The coating thickness was controlled at the narrow range of 30-40 pum for direct
comparison of the effects of the nanocomposite coating parameters on the degradation of
Mg substrates. It is important to mention that the coating thickness can be adjusted to

control the degradation of Mg substrates if needed. However, the objective of this study
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was to elucidate the effects of the parameters of nanocomposite coatings (i.e., substrate
surface conditions, polymer types, and post-deposition processing). Thus, the coating

thickness was not treated as a variable in this study.

Polymer Type of the Substrate Surface

Nanocomposite
Coatings M_Mg A_Mg

PLGA

PLLA

PCL

o AT B L bl N ‘
; § Wi Ak TR T R B
Figure 4.2: Optical images of cross-sections of nHA/polymer nanocomposite
coatings on Mg substrates. The red dashed line indicates the interface of the coating

(top) and the Mg substrate (bottom). Scale bars = 100 um.

4.3.2- The Effects of the Coating Parameters on Surface Hydrophobicity

Surface hydrophobicity has been known to affect water permeability [144] and
bioactivity [145-147]. Figure 4.3 shows the contact angles of deionized water on the
nHA/polymer nanocomposite coatings on Mg substrates and non-coated Mg control
substrates. The greater contact angle indicates the surface is more hydrophobic. The
contact angles of the nanocomposite coated Mg substrates ranged from 74-86, and the
M Mgand A Mg control substrates had a respective contact angle of 57 and 78. The
contact angles of the nanocomposite coated Mg substrates varied in a relatively narrow

range.
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The nHA/PLGA coatings on M_ Mg without post-deposition processing showed a
slightly lower contact angle than the rest of nHA/PLGA coatings. For the nHA/PLLA
coatings, the post-deposition processing of melting then annealing increased the coating
contact angles on both M__ Mg and A Mg substrates. Melting caused slight increase in the
contact angles of nHA/PLLA as compared with its corresponding coatings without heat
treatments. For the nHA/PCL coatings, the post-deposition processing of melting then
annealing slightly increased the average contact angle on both M Mg and A Mg

substrates.
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Figure 4.3: Contact angles of deionized water on the nHA/polymer coatings on Mg
substrates and non-coated Mg control substrates. Values are mean = standard error,

n=9.
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4.3.3- The LEffects of the Coating Parameters on Corrosion Rates Calculated from
PDP Testing

The representative PDP curves for the nanocomposite coated and non-coated Mg
substrates with different post-deposition processing were plotted (Figure 4.4). The
nHA/PLGA and nHA/PLLA coatings reduced the Icor, but had little effect on the Ecor. In
contrast, the nHA/PCL coatings reduced the Leorr, and some also had significant effect on
Ecor. Post-deposition processing reduced the Ieor for the nHA/PLGA and nHA/PLLA
coated A Mg substrates, but showed little effect on the respective coatings on M Mg
substrates. The nHA/PCL coated M Mg and A Mg had similar Ecor and Ieorr before post-
deposition processing. Post-deposition processing reduced Icorr more on the nHA/PCL
coated A Mg substrates than the M Mg substrates. Post-deposition processing also
increased the Ecor for the nHA/PCL coated A Mg substrates but had little effect on the

Ecorr for the M Mg substrates.
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Figure 4.4: Representative potentiodynamic polarization curves of the
nHA/polymer coated and non-coated Mg substrates with different post-

deposition processing for the coatings on M Mg and A Mg,
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The corrosion rates were calculated based on the corrosion current density
extrapolated from PDP curves, as shown in Figure 4.5. All of the nanocomposite coatings
reduced the corrosion rates as compared with the non-coated Mg substrates. When
comparing the non-coated M_Mg with A Mg substrates using a two-tailed t-test, their
corrosion rates did not show statistically significant difference (p = 0.24). However, Mg
substrate surface conditions did show statistically significant effects on the corrosion
rates of the nanocomposite coated samples in factorial ANOVA, because the other
parameters (polymer types, and post-deposition processing) interacted with Mg substrate
surface conditions (i.e., M Mg versus A Mg). Specifically, the post-deposition
processing increased the corrosion rates of nHA/PLGA and nHA/PLLA coated M_Mg
substrates, but the post-deposition processing of melting then annealing reduced the
corrosion rates of the respective coatings on A Mg substrates. Post-deposition processing
reduced the corrosion rates of nHA/PCI. coated M_Mg and A Mg. The nHA/PCI. coated
A Mg substrates that underwent post-deposition processing showed the lowest corrosion

rate among all of the sample types.
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Figure 4.5: Corrosion rates of the nHA/polymer coated and non-
coated Mg substrates that were calculated based on corrosion current
density extrapolated from PDP curves. All coatings significantly
reduced corrosion rates as compared with the non-coated Mg
substrates. The post-deposition processing had different effects on
corrosion rates, depending upon polymer component and substrate
surface. Values are mean + standard error; n=3.




The interactions of the coating parameters (polymer component of the
nanocomposite coating, substrate surface, and post-deposition processing) were analyzed
using factorial ANOVA, as summarized in Figure 4.6. Based on the p values in Figure
4.6D, most parameters showed statistically significant interactions, except the interaction
between polymer component and substrate surface. In Figure 4.6 A, the lines in the
interaction plot for polymer component and substrate surface were parallel or near-
parallel, indicating no or little interactions detected. Furthermore, all three lines for the
polymer components sloped downwards fromthe M Mgto A Mg substrates, indicating
slower corrosion rates on the A Mg substrates. The line for the PLGA component was
slightly below the line for the PLLA component, indicating that PLGA component had a
slightly slower average corrosion rate. The line for the PCL component was far below the
other two lines, indicating that nHA/PCI. coating reduced the corrosion rate more
significantly than the other two polymer types. In Figure 4.6B, some lines in the
interaction plot for post-deposition processing and substrate surface were intersected,
indicating statically significant interactions between them. The two lines for the
annealing and the melting then annealing treatments were near parallel to each other,
indicating these two heat treatments had similar effects on corrosion rates; their steeper
slopes indicate that they significantly decreased the corrosion rates on the A Mg
substrates. The line for the melting treatment was nearly horizontal, suggesting the
melting treatment had similar effects on the corrosion rates for M Mg and A Mg

substrates. In Figure 4.6C, the interaction plot for post-deposition processing and polymer
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component showed that post-deposition processing affected PCL differently than the
other two polymer types. That is, the post-deposition processing increased the corrosion
rates for the PLGA and PLLA polymer types, but decreased the corrosion rates for the
PCL polymer type. The three lines for the post-deposition processing of annealing,
melting, and melting then annealing were nearly parallel to each other, and showed a
slight upward slope from the PLLGA to PLLA polymer types and a steep downward slope
to the PCL. polymer type. The fourth line for no post-deposition processing was nearly
straight, showed a slight upward slope from the PLGA, PLLA to the PCL polymer types,
and intersected with the post-deposition processing lines at the positions above PCL but

below PLLGA and PLLA.

96
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Polymer Component : Substrate Surface 0.35
Post-deposition Processing : Substrate Surface 3.98x10°
Polymer Component : Post-deposition Processing : Substrate Surface 4.90x10°

Figure 4.6: Interaction plots of the effects of polvmer component of the
nanocomposite coating, substrate surface, and post-deposition processing on
corrosion rates. (A) Parallel or near-parallel lines indicate that no or little interactions
were detected between polymer component and substrate surface. (B) Intersecting
lines indicate statistically significant interactions between the post-deposition
processing and substrate surface. (C) Intersecting lines indicate statistically significant
interactions between the post-deposition processing and polymer component of the
nanocomposite coating. These complex interactions suggested that post-deposition
processing should be optimized for each specific pair of polymer component and
substrate surface.

4.3.4- Degradation Results from the Immersion Study
The immersion study was performed in rSBF for 7 days to investigate the surface
changes during immersion, and ion release from the sample degradation, which

complemented the PDP measurements.
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4.3.4.1- Surface Changes during Immersion Degradation

For each type of nHA/polymer nanocomposite coating on M Mg or A Mg
substrate, the post-deposition processing that provided the slowest corrosion rate (Figure
4.5) was selected for further investigation of the sample degradation in the immersion
study, as summarized in Table 4.2. That is, no post-deposition processing was used for
the nHA/PLGA and nHA/PLLA coatings on M Mg substrates, and the post-deposition
processing of melted and then annealed was used on A Mg substrates. The post-
deposition processing of melted and then annealed was used for the nHA/PCL coatings
on both M Mgand A Mg substrates. All of these nanocomposite coatings significantly
reduced the degradation rate of Mg substrates without delamination after 7 days of
immersion in rSBF (Figure 4.7). During the 7 days of immersion, the samples were
observed and photographed every 24 hours, but only the images of 1, 3, 5, and 7 days
were included in Figure 4.7 to compare with the respective sample before immersion (day
0). In general, all the coated or non-coated Mg samples showed some degree of change
during the 7 days, when compared with the coated or non-coated Ti control. The epoxy
that was used as the control for the mounting material showed no visible changes
throughout the entire 7 days of immersion. During the immersion, small blisters were
observed on the coated Mg substrates, but not on the coated Ti substrates. After 5 days of
immersion, only the nHA/PLILA coatings on the A Mg substrates showed a large blister
emerged from small blisters. After 7 days of immersion, the nHA/PCL coatings on the
M Mg substrates showed much less blisters than the respective coatings on A Mg

substrates.
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Figure 4.7: Photographs of sample surface morphology after immersion in rSBF
for the prescribed period.
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4.3.4.2- Analyses of the pII and Ion Concentrations in rSBI' during
Immersion Degradation

Figure 4.8 shows the pH measurements and ion concentrations in rSBF during
immersion degradation. As shown in Figure 4.8 A, all of the nanocomposite coatings
significantly reduced the alkaline pH in the rSBF as compared with the non-coated Mg
substrates. The non-coated Mg substrates showed the highest pH in rSBF throughout the
immersion, while the controls without Mg substrates, i.e., rSBF only, epoxy mount, non-
coated Ti, and nHA/PLGA coated Ti, had negligible effect on the pH of the immersion
media. Generally, the nHA/PCL coated Mg substrates showed lower pH than the
nHA/PLGA and the nHA/PLILA coated Mg substrates. The nHA/PCI. coated M_Mg and
A Mg had similar pH on day 1, but later the nHA/PCL coated M Mg showed lower pH
than the same coating on A Mg on day 2, 3, 4, and 7. Figure 4.8B shows the Mg?* ion
concentrations [Mg?'] in rfSBF during immersion, the key indicator of Mg degradation.
All of the nanocomposite coatings reduced the release of Mg?™ ions when compared with
the non-coated Mg substrates. In consistent with the pH results, the nHA/PCIL. coated Mg
substrates showed much lower [Mg**] in rSBF than the nHA/PLGA and nHA/PLLA
coated Mg substrates. Moreover, the nHA/PCL coated M Mg showed lower [Mg*'] in
rSBF than the same coating on A Mg. Remarkably, the nHA/PCL coated M Mg showed
very similar [Mg?"] as the controls that did not contain Mg and the baseline [Mg?'] in
rSBF. Figure 4.8C shows the Ca?" ion concentrations [Ca?*] in rSBF during immersion,
which ranged from 1.6 to 2.3 mM in average for all the sample types, a much narrower

distribution than [Mg?"]. In average, the [Ca*"] decreased for all Mg containing samples,
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but did not change much for the Ti-based and epoxy controls, when compared with the
baseline [Ca®"] in rSBF. Among the Mg-based samples, non-coated Mg samples showed
the lowest [Ca®"], nHA/PCL coated Mg samples showed the highest [Ca?"], and

nHA/PLGA and nHA/PLLA coated Mg samples were in between.
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Figure 4.8: Characterization of rSBF immersion media. (A) pH of the rSBF, (B)
[Mg?*], and (C) [Ca*"] in the rSBF after sample immersion under standard cell culture
conditions for the prescribed period. Values are mean + standard error; n=3.

The statistical analyses of the parameters that influenced Mg degradation in
immersion study are summarized in Table 4.3. The interactions among the parameters of

substrate surface conditions, the types of polymer component in the nanocomposite
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coatings, and immersion time showed statistically significant effect on Mg degradation,
i.c., [Mg®] in rSBF, except the interactions of substrate surface:polymer
component:time. This corroborates the statistical analyses of the corrosion rates reported
in Figure 4.6D. Moreover, the substrate surface alone (M_Mg versus A Mg) did not
show any significant effect on Mg degradation in rSBF in terms of pH and [Mg?*],
although non-coated M Mg showed less release of Mg?* ions in average than the non-

coated A Mg after 5 days of immersion in rSBF.

Table 4.3: Statistical analysis of the parameters that affected Mg degradation in
immersion study using the Wild Bootstrap method. The [Mg>*] concentration was
measured as the key indicator of Mg degradation after immersion in the rSBF.

Statistical Significance of the Parameters and their Interactions that Affected Mg Degradation
Parameter Bonferroni Corrected p Values
Substrate Surface 1
Polvmer Component 5.97x10-°
Time 5.97x10-
Substrate Surface : Polymer Component 3.9x1073
Substrate Surface: Time 1.49x10-2
Polvmer Component : Time 3.9x10-4
Substrate Surface : Polymer Component : Time 0.6
4.3.4.3- Surface Characterization Before and After Immersion Degradation

Figure 4.9 shows the SEM images of the nanocomposite coated and non-coated
Mg samples before and after immersion in rSBF for 7 days. The nHA/PLGA coatings
and nHA/PCL coatings remained intact on both M Mg and A Mg substrates. The
nHA/PCL coated M Mg and A Mg attracted significant deposition after immersion, and
the deposition appeared to be more abundant on the nHA/PCL coated M_ Mg than the
same coating on A Mg. However, the nHA/PLGA coatings onthe A Mg substrates

showed large cracks and craters after 7 days of immersion, which were not observed for
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the same coatings on the M_Mg substrates. Figure 4.10 shows the craters formed in the
nHA/PLGA coating on A Mg after 7 days of immersion in rSBF due to H» gas evolution

from Mg degradation.

Non-coated nHA/PLGA coated nHA/PLLA coated nHA/PCL coated

Before
Degradation

M_Mg

After
Degradation

Before
Degradation

A Mg

After
Degradation

Figure 4.9: SEM images of the samples before and after immersion in rSBF
for 7 days. Scale bars = 20 um.
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{5 100. pm ;

Figure 4.10: SEM image of craters in the nHA/PLGA coating on A Mg after 7 days of
immersion in rSBF. The craters formed due to hydrogen gas evolution from Mg
degradation.

Figure 4.11 shows the surface elemental compositions of the nanocomposite
coated and non-coated Mg samples before and after immersion in rSBF for 7 days. All of
the nanocomposite coated Mg samples showed C, O, Ca and P as the main elements on
the surface before and after immersion in rSBF. Mg was not detected on any of the
nanocomposite coated Mg samples before immersion. The amount of Ca and P increased
on the surface of nHA/PL.GA and nHA/PCL coated Mg but not on nHA/PLLA coated
M Mg. The non-coated Mg substrates did not show Ca and P on the surface before

immersion, but showed Ca and P on the surface after immersion. Before immersion, non-
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coated A Mg showed greater amount of C and O, while non-coated M_Mg showed

greater amount of Mg,
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Figure 4.11: Surface elemental compositions of the nanocomposite coated Mg and non-
coated Mg before and after immersion in rSBF for 7 days, according to EDX analyses.
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4.3.5- Coating Adhesion Strength

Figure 4.12 shows the coating adhesion strength before and after immersion in
rSBF for 7 days. Before immersion, the nHA/PLGA and nHA/PLLA coatings showed
similar adhesion strengths around 9 MPa, and the nHA/PCL coatings showed slightly
higher adhesion strengths at 11-12 MPa. The Mg substrate surface conditions (M Mg
versus A Mg) had negligible effect on the coating adhesion strength before immersion.
After 7 days of immersion, all of the nanocomposite coatings showed significantly
reduced adhesion strength. After immersion, the nHA/PCL coated M Mg showed the
greatest adhesion strength among all the sample types, with the average adhesion strength
of 0.9 MPa. In contrast, the nHA/PCI. coated A Mg showed the average adhesion
strength of 0.13 MPa after immersion. The nHA/PLGA coated M Mg and A Mg showed
similar coating adhesion strength at 0.14-0.15 MPa after immersion. The nHA/PLLA
coated M_ Mg showed slightly higher coating adhesion strength than the same coating on

A Mg after immersion, 0.15 MPa versus 0.05 MPa, respectively.
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Figure 4.12: Coating adhesion strength measured before and after
immersion in rSBF for 7 days. Values are mean + standard error; n=2.

4.3.6- BMSC Adhesion and Morphology

Figure 4.13 shows the representative fluorescence images of BMSCs directly
cultured on the samples and controls for 24 hours. Figure 4.14 shows the quantified
results of BMSC adhesion density, spreading area, and aspect ratio. Kruskal-Wallis tests
showed that the sample type had statistically significant effects on BMSC adhesion
density (p=2.2x101%), spreading area (p=2.2x101%), and aspect ratio (p=1.2x10).
Pairwise comparisons using the Dunn test showed that the nHA/PCL coatings minimized

the impact of Mg degradation upon the BMSCs, as described below (Figure 4.14).
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Non-coated M Mg nHA/PCL coated M Mg nHA/PCL Film

100 um

Epoxy Glass PSTC

Figure 4.13: Fluorescence images of BMSCs after direct culture on the samples and
controls for 24 hours. Blue indicates DAPI stained nuclei and green indicates Alexa
Fluor® 488 stained F-actin. Scale bars = 100 um.

In average, the nHA/PCL coated M Mg substrates showed the greatest BMSC
adhesion density, the non-coated M Mg showed the least, and the control samples of
nHA/PCL film, epoxy, glass, and PSTC were in between (Figure 4.14A). The results of
the pairwise comparisons showed that the nHA/PCL coated Mg was statistically different
from all samples except for PSTC and epoxy, which had the second and third highest
average BMSC adhesion, respectively.

The BMSCs on non-coated M Mg, nHA/PCL coated M Mg, nHA/PCL film, and
epoxy samples had average spreading areas that were well below 3000 um? per cell
(Figure 4.14B). The glass and PSTC samples had higher spreading areas of over 4000

um? per cell. The results of the pairwise comparisons showed that the nHHA/PCL coated
109



Mg was statistically different from the nHA/PCL film, non-coated Mg, and PSTC. The
epoxy samples had the closest average spreading area to nHA/PCL coated Mg, and the
glass samples had a large standard deviation; which is why their spreading areas were not
statistically different from nHA/PCL coated Mg.

The BMSCs had a much higher average aspect ratio of 3.7 on non-coated M Mg,
and the rest of samples and controls had an aspect ratio of 1.6-1.9 (Figure 4.14C). The
results of the pairwise comparisons showed that no pairs were statistically different

unless the pair included non-coated Mg.

110



(A) 10000
*
| %ok 1
z 8000 1 | EEES |
% | = 1
E gg 6000 - — "
2 I 1
5.2 4000 |
28
% 2000 1 .
p= - -
- 0 Non-coated | nHA/PCL |nHA/PCL
M M M Mg Film Epoxy Glass | PSTC
(B) 10000 A , e ks |
:‘E\ |I . |I kokk ] |
2 8000 - ¥ »
= | 1
O 6000 A I 2 .
5]
a,
§ 4000 A
<
=l)]
.S 2000 A
3
NN B
% ¢ d A/PC A/PC
Non-coated | nHA/PCL |nHA/PCL
M Mg M Mg Film Epoxy Glass PSTC
(€©) 10
8 "
5]  — |
+~ £ 1
& 6 — ; !
3]
Z
< 41
&
5 21
-
: H B B =
[Non-coated| nHA/PCL |[nHA/PCL ,
M Mg M Mg Film Epoxy Glass PSTC

Figure 4.14: Quantitative analyses of BMSC adhesion and morphology using Imagel.
(A) Average BMSC adhesion density directly on the sample surface. (B) Average
spreading area of BMSCs directly on the sample surface. (C) Average aspect ratio of
BMSCs directly on the sample surface. Values are mean + standard error; n=15. *p <
D.05; % p<, 0,01, *%8p< 0.0001.
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4.4- Discussion

4.4.1- A Defined Model System for Studying the Key Parameters Affecting
Nanocomposite Coatings on Magnesium

Nanocomposite coatings provide synergistic properties at the tissue-implant
interface by decreasing the degradation rate of Mg alloys and improving cellular
interactions; however, delamination remains a key challenge because it limits the
functional lifetime of the coatings in mediating the degradation of Mg alloys [148]. The
objective of this study was to optimize the nanocomposite coatings to address the
challenge and to clucidate the engineering guidelines for improving the nanocomposite
coatings on Mg substrates for skeletal implant applications. The key parameters, i.e., Mg
substrate surface conditions (M_Mg versus A Mg). the polymer component type in the
nanocomposite coatings (PLGA, PLLA versus PCL), and the post-deposition processing
(melting, annealing, the combination of the two versus none), were investigated to
determine their effects on the sample degradation, coating adhesion strength, and BMSC
responses. For this purpose, a model system based on spin coating was established and
used for the systemic study of the key parameters that affect nanocomposite coatings on
Mg substrates.

The spin coating process was revised based on our previous investigation in order
to provide a more accurate model system for characterizing the material properties of
nanocomposite coatings on Mg substrates. In our previous study, the substrates were spin
coated on both faces and the edges of the substrates were dip coated; as a result, the edge

had greater coating thickness than substrate faces, which promoted delamination because
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internal stress is concentrated at edges and thicker coatings are more likely to delaminate
[149]. Furthermore, the boundary regions between the spin and dip coatings may have
created additional internal stress, and delamination often initiated at the edges of the
samples and then propagated inwards, which damaged the coating-substrate interface
within 8 hours of immersion [148]. The rapid delamination caused by the combination of
spin and dip coatings made it difficult to characterize how the key parameters of material
and surface affect the performance of the nanocomposite coated Mg substrates.
Therefore, the model coating system was modified by mounting the Mg substrates in
epoxy so that only one surface of a Mg substrate would be exposed and coated with the
nanocomposites, which eliminated the edge effects and other irrelevant factors from the
key material parameters of interest. It is worth mentioning that the spin coating process
serves as a well-defined model system for studying the coating materials and their
interactions with the substrates, but other coating methods for conformal coatings on

three-dimensional skeletal implants are still needed for clinical translation.

4.4.2- The Polymer Component in the Nanocomposite Coatings Influenced the
Coating Permeability and Interface with the Mg Substrate

Permeability was one of the key differences among the polymer components
(PLGA, PLLA, or PCL) in the nanocomposite coatings. PCL had the lowest water
diffusion coefficient among the three polymers, and PCL and PL.ILA had much less water
absorption than PLGA. Table 4.4 lists a summary of relevant properties of PLGA, PLA,

and PCL [150-155]. The slow water transport through PCL is one of the reasons that the
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nHA/PCL coatings reduced Mg degradation more effectively than the nHA/PL.GA and

nHA/PLLA coatings.

Table 4.4: The properties of each polymer type used in the nanocomposite coatings on
the Mg substrates. The polymer properties play important roles on the properties of the
nanocomposite coatings on Mg substrates. The first values for thermal expansion
coefficient that are denoted with a “#” occur below the T, while the second values
occur above the Tg. PCL has such a low T, that only the thermal expansion coefficient
above the Ty was given. Values with an asterisk* are the median values based on the
data found on the Polymer Database (Polyinfo:
http://polymer.nims.go.jp/index en.html). The calculation of median values for each
polvmer type included different variations of that polymer.

Thermal : Ultimate Water
Expansion gt Tensile Elongation at POMEE Diffusion
0, 0, g - . 2
Polymer) Tg (°C) | Tm C°C)| Cyetficient N:I(\):;:;s Strength Break (%) Al:i?trftl]un Coefficient
(1K) (MPa) . (em?/s)
Referencel [79*] | [79*] | [79*,83] [79%] [79%] [79%] [79%, 84] [80, 81, 82]
7 -4 #/
PLGA 48 N/A “'ngll,& . 431 17 3.6 20 8.49x10~
(104 #/
pLA | 57 | 163 [LOBKIOEN 464 60.6 44 027 1.17x10+
2.12x10-2
PCL -62 55 Tx104 245 123 336 0.32 9.11x10-10

Another key difference among the polymer components studied in the

nanocomposite coatings is their viscosity. The nHA/PCL suspension had a lower

viscosity than the nHA/PLGA or nHA/PLL A suspensions when the nHA/polymer weight

ratio (30/70) and the nanocomposite/solvent ratio (10 wt./vol. %) were fixed. This

required slower spin coating speeds for the nHA/PCL suspensions than the nHA/PLGA

and nHA/PLIL A suspensions to achieve the same coating thickness. The combination of

lower viscosity and slower spin-coating speed enabled the nHA/PCL suspension to fill in

the grinding grooves on M Mg substrates better than nHA/PLGA and nHA/PLLA

suspensions that had higher viscosity and faster spin-coating speed. Filling in the

grinding grooves with the nanocomposite suspension increased the adhesion strength of
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the nHA/PCL coatings due to improved physical interlocking. The nanocomposite
suspensions solidified in less than 1 minute during spin coating, which limited the time
for more viscous suspensions to flow into the grinding grooves. If the grinding grooves
were not filled with the nanocomposite suspension due to the higher viscosity or faster
spin-coating speed (in the cases of nHA/PLGA and nHA/PLLA suspensions), there
would be less physical interlocking and the possible micro-spaces at the coating-substrate

interface would act as reservoirs for water to promote degradation of Mg substrates.

4.4.3- The Post-Deposition Processing and Substrate Surface Conditions
Influenced the Coating Permeability

The melting treatment for the nHA/PCL. coatings reduced their permeability
because the melted PCL was able to flow and seal residual voids in the coating or at the
interface, while the annealing treatment for the nHA/PCL coatings reduced their
permeability due to the increase of PCL crystallinity [156]. In contrast, the effects of
melting and annealing treatments on the nHA/PLGA and nHA/PLLA coatings were
dependent on both the polymer component type in the nanocomposite coatings and the
substrate surface conditions. Specifically, on the A Mg substrates, the post-deposition
processing of melting then annealing for the nHA/PLLGA and nHA/PLILA coatings
reduced the sample corrosion rates; however, on the M Mg substrates, the same post-
deposition processing increased the sample corrosion rates, when compared with no post-
deposition processing (Figure 4.5). This indicated that the effects of the post-deposition
processing on the sample corrosion were more than just altering the coating permeability,

because similar melting and annealing treatments reduced the permeability of PLGA
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[137] and PLIA [157] films. It is speculated that the post-deposition processing might
have affected the coating-substrate interface as well.

The interaction plots in Figure 4.6 indicated that the three key parameters (the
polymer component in the nanocomposite coatings, the post-deposition processing, and
the substrate surface conditions) interacted with one another; i.¢., one parameter could
increase or decrease the corrosion rates depending on the other parameters. The substrate
surface condition alone did not have any statistically significant effect on the corrosion
rates of the samples without coatings (t-test, p value = 0.24, Figure 4.5), but the substrate
surface did have statistically significant effect on the corrosion of the samples with
coatings (factorial ANOVA, p value = 5.83x1077, Figure 4.6). This suggested that the
substrate surface conditions (A Mg versus M Mg) did not have any significant direct
impact on the corrosion of Mg substrates, but instead indirectly affected the corrosion of
Mg substrates by influencing the permeability of the coatings and the coating-substrate
interface.

The alkaline heat treatment enriched the Mg substrate surfaces (A Mg) with
Mg(OH); [21], which is a known nucleating agent for polymers [131-134]. The
abundance of nucleating agents increased the number of polymer crystals formed on the
surface and decreased the grain size, which correspondingly reduced the permeability of
the polymer matrix. The smaller crystals also reduced the crack propagation in the
polymer matrix in comparison with the larger crystals [158], which further increased the
durability and protectiveness of the coatings. Furthermore, increased nucleation of

polymer crystals directly on the Mg substrates could increase the interfacial strength
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between the coating and substrate due to more sites of interactions [159].The abundance
of nucleating agents on the A Mg substrate surfaces was especially beneficial for the

nHA/polymer coatings with the post-deposition processing,.

4.4.4- Interactions among the Key Parameters and their Effects on Internal Stress
and Corrosion

Figure 4.15 illustrates the interactions among the key parameters (polymer
component in the nanocomposite coatings, substrate surface, post-deposition processing)
and their effects on the sample performance, e.g., corrosion. The mechanical properties of
the polymer components in the nanocomposite coatings, the post-deposition processing,
and the substrate surface conditions affected the internal stress in the coatings. One of the
most common sources of internal stress in coatings is shrinkage after deposition.
Polymers generally expand when they undergo solid-liquid phase transition, and shrink
when they solidify after deposition. The polymers in coatings are constrained by the
substrate surface when they solidify, which creates internal stress. The volume changes of
material during solidification and crystallization were reported to induce internal stresses
in the range of 10-30 MPa [160, 161], which is significant as compared with the coating
adhesion strengths. Internal stresses increase sharply at the edges and discontinuities,
which explains why the coating delamination often initiates from the edges [149]. The
stress could also accelerate the degradation of polymers [162] and reduce the adhesion
strength of coatings [163]. Internal stress could cause the crack propagation in the
coatings, which impairs the barrier properties of the coatings. Swelling is another source

for internal stress. Polymers could swell as they absorb water, and the coatings have a

117



limited ability to accommodate this volume change due to the substrate constrain; for the

same reason, the coatings also have a limited ability to accommodate shrinkage.

Interactions Among Polymer Component, Post-Deposition Processing, and Substrate Surface
Influenced the Sample Performance

Shrinkage
Stiffness
Fracture Toughness
Elasticity

Coating Permeability

Microstructure
induced
Permeability

Substrate Surface

Post-Deposition Processing

@ming Agents

Relaxation or
Concentration of
Internal Stress

Sample Performance

Figure 4.15: Interactions among the key parameters (polymer component in the
nanocomposite coatings, substrate surface, post-deposition processing) and their effects
on the sample performance. These interactions affected the permeability of the coatings

and interfacial properties, and thus the overall sample performance.

As described in the equation 4.2, the residual stress (internal stress locked in the
material) could emerge from the deposition of dissolved coating polymers (Eq. 4.2A)
[164], deposition of melted coating polymers (Eq. 4.2B) [164], and/or hygroscopic
swelling of the coating polymers (Eq. 4.2C) [165], all of which share striking similarities
with one another. Specifically, the residual stress is directly proportional to the two key
parameters, i.e., the elastic modulus and the volume change of the coating material, as
shown in Eq. 4.2 A, B, and C. According to the elastic moduli listed in Table 4.4, PLA

has the highest stiffness, PCL has the lowest stiffness, and PLGA is in between PLA and
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PCL; thus, the stiffer PLLA has greater internal stress from the parameter of elastic
modulus. It is also important to know that minimizing the volume changes of the coating
materials could significantly reduce the internal stress. For example, reducing the glass
transition temperature (Ty) of the polymer can minimize the shrinkage originated from
depositing dissolved polymers. This is because the difference in the volume fraction of
the solvent (¢s-¢r) 1s reduced in the coating, as ¢s is delayed to the later stages of the
drying process when there is less solvent [164, 166]. According to Table 4.4, PCL has
lower T and thus has less internal stress generated by shrinkage. For depositing melted
polymers on Mg substrates, using a polymer that has a lower thermal expansion
coefficient (i.e., reducing Aa) and allows a lower processing temperature (i.e., reducing
AT) can minimize the shrinkage. The internal stress is generally lower for the polymer
coatings annealed or cured at the lower temperatures than at the higher temperatures
[167]. The parameters describing volume change in Eq. 4.2C are dependent on water
uptake (i.e., water absorption) and relative humidity. The polymers with greater water
uptake such as PLLGA (Table 4.4) have higher internal stress according to Eq. 4.2C.
Collectively, the polymers with lower elastic modulus, lower Te, lower thermal expansion
coefficient, and less water uptake will have less internal stress. For these reasons, the

nHA/PCL coatings had less internal stress than the nHA/PLGA and nHA/PLLA coatings.
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Eq. 4.2

E ¢— EAaAT E of
e d)s ¢1" = - f ARH
1—-v 3 1—-v 1 -
Shrinkage after Deposition
(A) (B) (©)
Dissolved Melted Hygroscopic
Coating Coating Swelling of
Polymers Polymers Coating
Polymers
o = Residual Stress v = Poisson Ratio E = Elastic Modulus

¢s = Volume fraction of solvent at solidification point

¢r= Volume fraction of solvent in dry coating

Aa = Difference in thermal expansion coefficients between coating and substrate
AT = Difference between processing and operating temperatures

a}l = Function derived from the ratio of water uptake volume and polymer volume

ARH = Change in relative humidity

The substrate surface affected the distribution of internal stress in the coatings.
The grinding grooves onthe M Mg substrates came from 600 grit SiC paper that had a
feature size of 15 pum, similar to the size range of the crystals formed in the polymers
studied in the nanocomposite coatings. The surface groves acted as discontinuities in the
coatings [168], and internal stress rises sharply at edges and discontinuities[149]. The
abundance of discontinuities on the M_Mg surfaces required significant accommodation

from the polymer component of the coatings after deposition and post-deposition
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processing. The more elastic PCL. were able to compensate the discontinuities better than
PLLA and PLGA. Furthermore, the coating material may have been pulled out of the
grinding grooves during the polymer shrinkage since the coating could only shrink
perpendicular to the plane of the substrate. Polymer crystals may also have grown larger
than the width of the grinding grooves during post-deposition processing and been
physically excluded, as illustrated in Figure 4.16 A. PLLA is amorphous after spin-
coating because the solidification occurred much faster than the crystallization [89], but
annealing could induce the formation of crystals larger than 15 um [168]; which explains
why annealing nHA/PLLA coatings on M Mg increased the corrosion rates (Figure 4.5).
In contrast, PCL is semi-crystalline after spin-coating [89], and annealing led to the
formation of crystals smaller than those in PLLA [169]; which explains why annealing
nHA/PCL coatings on M Mg reduced the corrosion rates (Figure 4.5). Additionally, the
smaller crystals restricted crack propagation more effectively than the larger crystals
[158]. PLGA is an amorphous polymer, and annealing nHA/PLGA coatings on M Mg
increased the corrosion rates (Figure 4.5). After alkaline heat treatment, hydroxides filled
the grinding grooves and reduced their sharp edges, which reduced the concentration of
internal stress, as illustrated in Figure 4.16B. The abundant nucleating agents on A Mg
surfaces might have also reduced crystal growth and prevented the coating material from
being pulled out of the grooves as the polymer shrinks. These are the possible reasons
why the alkaline heat treatment of the Mg substrates reduced the corrosion rates of some

nanocomposite-coated samples (Figure 4.5).

121



(A)
Amorphous Polymer

Crystal Growth Crystal Excluded from
Grinding Groove

DT

Grinding Groove Polymer Crystal Nucleation
(B)
Amorphous Polymer Impingement Limits
Crystal Size
A_Mg T :: l : :
Grinding Groove Polymer Crystal Nucleation

Figure 4.16: (A) The grinding grooves on the M_Mg substrate surfaces negatively
interacted with PLGA and PLILA during post-deposition processing. The larger size of
individual crystal led to physical exclusion from the grinding grooves. (B) The A Mg
substrate surfaces had less steep slopes along the grinding groves and had abundant
nucleating agents. Impingement of the crystals limited their size and prevented their
physical exclusion from the grinding grooves.

4.4.5- The Key Parameters Affecting the Coating Integrity and Adhesion Strength
before and after Immersion Degradation

The immersion degradation study was performed to complement the PDP
measurements of corrosion, because the immersion study takes into account how gas
evolution and long-term exposure to body fluids would affect the coating properties and
sample degradation.

The nanocomposite coatings maintained their structural integrity and adhesion
throughout the 7-day immersion study (Figure 4.7). This is a significant progress

considering the rapid onset of coating delamination from Mg substrates in the published
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literature [170, 171] and our previous results [148]. The microstructure of all the
nanocomposite coatings was thoroughly examined using SEM (Figure 4.9) and showed
that the coatings remained intact after 7 days of immersion, except that the nHA/PLGA
coated A Mg showed the cracks and holes and exposed the underlying substrate (Figure
4.9 and 4.10). Notably, the edges around the holes on the the nHA/PLGA coated A Mg
(Figure 4.10) still attached to the Mg substrate, indicating good coating adhesion. The
cracks and holes were only found in the nHA/PL.GA coated A Mg sample, possibly
because PLGA had the highest permeability that increased Mg degradation, and the
highest water absorption and hygroscopic swelling that increased internal stress in the
coating (Table 4.4). The holes only formed on the A Mg substrates because they were
less stable than the M Mg substrates at later immersion time points, as shown by the
higher pH and [Mg?*] of the non-coated A Mg substrates (Figure 4.8).

The polymer component of the nanocomposite coatings and Mg substrate surface
conditions had significant effects on the coating adhesion strength, especially after
immersion (Figure 4.12). The nHA/PCL coatings had the greatest average adhesion
strength before and after immersion. In contrast, other published results showed that pure
PLLA coating had stronger adhesion to Mg than pure PCL coating [89]. The presence of
dispersed nHA in the polymer matrix in this study might have contributed to this
difference. Before immersion, the nHA/PCI. coatings on the M_Mg had slightly greater
average adhesion strength than on the A Mg substrates, possibly because the nHA/PCL
coating physically interlocked with the grinding grooves that were deeper inthe M Mg

than inthe A Mg substrates. After 7 days of immersion in rSBF, the nHA/PCL coatings
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on the M_ Mg substrates retained their average adhesion strength significantly more than
the nHA/PLGA and nHA/PLLA coatings did. After immersion, the nHA/PCL coatings
also retained their average adhesion strength significantly more on the M Mg than on the
A Mg substrates, possibly because the M_ Mg substrate surface was less susceptible to

aggressive ions at later immersion time points.

4.4.6- The Most Effective Nanocomposite Coatings in Reducing Degradation and
Improving BMSC Adhesion

Overall, the nHA/PCL coatings on the M_Mg substrates with the post-deposition
processing of melted then annealed provided the best combination in reducing sample
degradation and improving BMSC adhesion. Specifically, the nHA/PCL coatings on the
M_Mg substrates showed the least release of Mg?* ions and the least pH increase during
immersion degradation, and the highest average adhesion strength before and after
immersion. This is most likely because PCIL. had a combination of desirable mechanical,
thermal, and transport properties that minimized internal stress and water permeability
when compared with the other polymers studied, as illustrated in Figure 4.17. Generally,
the coating materials should have low elastic modulus, high fracture toughness, low Ts,
low thermal expansion coefficient, low water uptake, and low water permeability to
achieve the best outcome in reducing Mg substrate degradation. PLGA and PLLA had
some of the desirable properties, but not an optimal integration of all. The nHA/PCL
coatings on the M_Mg performed better than the same coatings on the A Mg substrates
because the combination of nHA/PCL coatings with the M Mg substrates provided

desirable physically interlocking between the coatings and the grinding grooves of the
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substrates, and became less susceptible to degradation at later time points of immersion.
Although the nHA/PLGA and nHA/PLLA coatings were not the optimal, they still

significantly reduced the degradation of their Mg substrates.

Integrated Desirable Properties of PCL Reduced
Coating Internal Stress and Water Permeability

Reduces Internal Stress in Coating

Mechanical Properties Thermal Properties

Lower elastic
modulus
[PLGA| [ PCL |

Transport Properties

Reduces the Amount of Water
Available to React with Mg Substrate

Figure 4.17: Comparison of the mechanical, thermal, and transport properties of the
polymer components used in the nanocomposite coatings. PCL reduced Mg degradation
more effectively than PLGA and PLLA because its lower elastic modulus, glass
transition temperature (Tg), and thermal expansion coefficient (o) minimized internal
stress; while its lower water permeability and uptake reduced the amount of water
available for Mg degradation reactions.

125



The nHA/PCL coated M_Mg was selected for the cytocompatibility study in
BMSC culture because it showed promising results in immersion degradation and coating
adhesion testing. The nHA/PCL coated M Mg showed the highest BMSC adhesion
density among all the samples tested (Figure 4.13, 4.14A), most likely because the
synergy between Mg?" and nHA was beneficial for bone cell adhesion. It has been known
that both Mg”" and nHA could increase bone cell adhesion [19, 172-174]. The non-coated
Mg showed lower BMSC adhesion density and less spreading area per cell than the
nHA/PCL coated Mg (Figure 4.14A and 4.14B) because of the higher pH and unstable
surface conditions caused by rapid degradation. The nHA/PCL films also showed lower
BMSC adhesion density and less spreading area per cell than the nHA/PCI. coated Mg,
possibly due to the lack of Mg?". The epoxy and PSTC controls showed similar BMSC
adhesion densities (Figure 4.14A), indicating the epoxy mounts for the Mg substrates did
not have significant effects on BMSC adhesion. Interestingly, the aspect ratios of BMSCs
on the non-coated M Mg (~4) were significantly higher than the BMSCs on all the other
sample types (~2) (Figure 4.14C), possibly because the M_ Mg had a surface feature size
of'around 15 pum (similar to the size range of BMSCs) from grinding with 600 grit SiC
paper. It has been reported that supplementing the cell culture media with Mg?* ions did
not significantly affect the cell aspect ratio (~2), and non-coated pure Mg and Mg-Zn-Ca
alloys did not significantly alter the cell aspect ratio either (~2) when they were polished
with 0.25 um diamond paste [175]. The difference in surface feature size due to polishing

might be the reason for the observed difference in the aspect ratio of BMSCs.
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4.4.5- Conclusions of Chapter 4

The results of this study demonstrated that the nanocomposite coatings could
provide dual functions of controlling Mg degradation and improving bone cell responses
simultaneously, both important for clinical translation of Mg-based biomaterials. The
nHA/polymer nanocomposite coatings significantly reduced the degradation of Mg
substrates during immersion in rSBF. Optimization of the key parameters (i.e., substrate
surface conditions, polymer component types in the nanocomposite coatings, and the
post-deposition processing) further improved the sample performance, i.¢., slower
degradation and better BMSC adhesion. The nHA/PCL coated M Mg with the post-
deposition processing of melting then annealing provided the best overall results in
decreasing Mg degradation and improving BMSC adhesion density, due to reduced
internal stress and water permeability. Post-deposition processing could improve or
impair the barrier properties of the nanocomposite coatings depending upon the
properties of the polymer component in the nanocomposites and the substrate surface
conditions, suggesting these key parameters should be considered collectively rather than
separately due to their interactions. This systemic investigation of nanocomposite
coatings on Mg substrates provided valuable design guidelines for polymeric and
nanocomposite coatings on Mg-based substrates for potential skeletal implant

applications.
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Chapter S- Major Conclusions and Proposals for I'uture Research

5.1- The Promise of Mg Alloys for Bone Implant Applications

Mg alloys have great potential as biodegradable implant materials because of their
unique combination of mechanical and biological properties, but historically they have
degraded too rapidly for many clinical applications. Modern advancements in material
science offer solutions to this rapid degradation. Mg degradation can be controlled
through alloy composition and processing, surface modifications, coatings, and
combinations thereof. These methods of controlling degradation can make Mg bone
implants clinically equivalent to similar Ti bone implants for some applications [2]. In an
ideal case the degradation rate of Mg alloy bone implants will match the growth rate of
bone tissue, so that the Mg implants will be replaced with natural bone tissue as they
degrade. This ideal outcome will most likely require a combination of methods to control
the degradation and improve the osteoconductivity of the implant. The nHA/polymer
nanocomposite coatings developed in this investigation have the potential to be part of
the solution to rapid Mg degradation because they can perform multiple functions
simultaneously, and can be combined with other methods of degradation control like

alloy composition or surface modification.
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3.2-

Design Criteria for Nanocomposite Coatings on Mg Alloys

Nanocomposite coatings for Mg alloys should be designed for reduced

permeability and internal stress; which will improve the barrier properties of coatings and

extend their functional lifetime.

5.3-

L.

Reducing the permeability of coatings will limit Mg surface instability from
degradation reactions with water, and limit the amount of H, gas evolved. This
can be achieved by using materials with low permeability and water uptake, or by
using coating deposition and processing routes that seal structural flaws in the
coating and increase the crystallinity of the coating.

Reducing internal stress will prevent crack propagation and delamination of
coatings. Internal stress can be reduced by using coatings with uniform structure,
low thickness, low elastic modulus, low thermal expansion coefficient, low T,
and high elasticity. Some post-deposition processing routes can also relieve

internal stress.

Summary of Major Conclusions

This investigation provided valuable insight concerning the development and

characterization of nanocomposite coatings for Mg alloy biomaterials for bone implant

applications. The degradation of Mg alloys in physiologically relevant environments was

determined to be the result of multiple interacting factors. A set of Mg alloy parameters

that reduces degradation under specific environmental conditions can also accelerate

degradation under different environmental conditions. This knowledge is crucial for
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designing Mg alloy implants because different regions of the body frequently have
different environmental conditions.

The next stage of this investigation developed nHA/polymer nanocomposite
coatings that controlled Mg alloy degradation in a simulated in vivo environment,
discovered engineering challenges to those coatings, and then addressed those challenges.
It was demonstrated that coating delamination can be promoted by the reactivity of the
Mg substrates, but can be resolved through engineering controls. Finally, the
nanocomposite coatings significantly improved bone cell adhesion to the Mg substrates
in addition to controlling their degradation, which is critical to the function of Mg-based

bone implants.

5.4- Future Research

Spin coating processes can only coat planar substrates, and many biomedical
implants have complex three dimensional shapes. The next stage of this research should
use a different coating deposition process to coat substrates that have complex three
dimensional shapes identical to biodegradable bone implants (e.g. screws). Furthermore,
the drug release capability of the nanocomposite coatings should be investigated so that

the bioactivity and antimicrobial properties of the coatings can be improved.
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