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Abstract
The nature of magnesium alloys to degrade is atgthto the high oxidative corrosion rates
which are attractive for a biodegradable medicallant since they will avoid a removal surgery
by gradually degrading and being absorbed by tloly.ka this thesis project, the biocorrosion
characteristics of AZ31 Mg alloy are investigatediisimulated physiological solution
mimicking the airway surface lining fluid. Partiamlattention was focused on the effect of
carbonate ions present in the solution and porstiomach mucin added to the test solution to
create ann vitro model of the epithelial mucus surfaces mimickimg ¢pithelial surface along
the trachea. The corrosion behavior of the sampéssanalyzed using both immersion and
electrochemical tests. The morphological charazaéion of the samples was performed using
X-ray computed tomography (Micro-CT) and scannilegion microscopy (SEM). Chemical
composition of the surface corrosion products weterthined with electron dispersive X-ray
spectroscopy (EDX) and X-ray diffraction (XRD). Tresults showed that addition of
bicarbonate ions accelerated uniform corrosionwatte the increase of bicarbonate
concentration while mucin decelerated the corrosaa of the samples by adhering to the
surface thereby reducing the amount of corrosiaalypcts formed on the surfada.vitro
cytocompatibility studies were performed using poedracheal epithelial (PTE) cells which
proved to be non-toxic and biocompatible to thedgy. The experimental data in this thesis
project is intended to be used as foundation kndgédo predict the corrosion behavior of AZ31
Mg alloy in the physiological environment, in orderprovide degradation information for

futurein vivo study to be utilized as a tracheal stent device.



CHAPTER 1
Introduction
1.1 Background

Airway stenting has now been an integral parthefmedical armamentarium for more
than a decade and is proven to offer effectivaataih for patients with airway stenosis
complications (Dumon, 1990). Airway stents are dwlprosthetic devices made of metal,
polymers or a combination of both and are placati@énairway intended to restore airway
patency caused by stenosis (Murgu & Colt, 2006)g&y is usually the preferred treatment;
however, when the clinical status of the patiemtpis, stenting provides a reliable alternative in
selected cases such as tracheal reconstructioargg@o prevent airway collapse or to stabilize
the reconstructed airway which helps to improveiguaf life in non-surgical patients
(Stamenkovic, Hierner, De Leyn, & Delaere, 200 Ati¢hts with expiratory central airway
collapse often have debilitating dyspnea, cougbiiity to clear secretions, and even respiratory
failure requiring mechanical ventilation (CollaFteitag, Reynaert, Rodenstein, & Francis,
1996; Nuutinen, 1977).

The current airway stents technology are eithesttanted of silicone (Dumon, 1990) or
expandable metallic stent made of nickel and tutamalloy (Wood, 2001). The silicone stents
are well established in the treatment of stenas&glting from the intraluminal ingrowth of
tumors or granulation tissue while the expandal@atiic airway stents are most often used in
patients with airway stenosis caused by extringiedral compression. Both the silicone and
expandable metallic stents have different advastagd disadvantages shown in Table 1

(Wood, 2001), which should be considered when thesigian chooses the most appropriate



stent for an individual patient. However, the ida@lvay stent that combines the advantages of
silicone and metallic stents has not yet been dgeel.
Table 1

Differences between silicone and expandable metallic stents (Wood, 2001)

Silicone Expandable metal
Removable Permanent

Able to be dislodged Stable placement
Adjustable Difficult adjustment

No epithelialization Epithelialization

Difficult placement Easy delivery

Require general anesthesia Require local aneathesi
No tissue ingrowth Tissue (tumor) ingrowth
Unreactive Granulation formation
Can disturb mucociliary clearance Better clearanuaeociliary secretion
Rigid bronchoscopy Flexible bronchoscopy

The advantages of metallic stents over siliconetsteclude; simpler insertion and
fixation. The metallic stents also have a highnmé-to-external diameter ratio and provide
better clearance of secretion. However, metaléatstcan cause granulation formation where
tissues grow through stent interstices causingtiet to be covered by epithelium. This makes
the metallic stents not easily removable and tloeeefnay require an open surgery. It is also
recommended that the metallic stents should noiskd in children because it may be necessary

to exchange existing stents for larger ones asdhay.



However, biodegradable metallic stents made of rsigm alloy seems to be a
promising material for use in the airway sincefiers certain theoretical benefits such as non-
toxicity, less irritation on tissues, and high anfection capability when compared to the
currently available for clinical use. The extraatiof the bioabsorbable stent will be unnecessary
and the normal airway will be preserved after steabrption thereby eliminating the need for
additional invasive procedures, reducing healtheapenses and spares the patient the pain of
multiple procedures used to implant and later regrtbe implant (Witte, 2010b).Thus, the
development of biodegradable stents, which cailfitf mission and step away, is the logical
approach (Colombo & Karvouni, 2000; Erne, SchielRésink, 2006).

In order to fully understand the purpose of airwtgnting, it is vital to have some
familiarity with the anatomy of the trachea and than characteristics of tracheal stenosis
affecting the airway including the most common esus

1.1.1 Anatomy of the tracheaThe trachea is comprised of 18 to 22 C-shaped rafig
hyaline cartilage anteriorly located, whose endsparsteriorly connected by trachealis muscles.
Figure 1 (a) illustrates the trachea and the meondhi. It functions as a conduit for air and
clearance of secretions (Grillo, Donahue, Mathis®ain, & Wright, 1995). The length goes
from 9 to 12 cm in adults, measured from the lola@der of cricoid cartilage down to carina
where it divides to left and right bronchi. The eage laterolateral diameter is between 1.3 and
2.2 cm (Grillo, et al., 1995; Webb, Elicker, & Wel#900).

The trachea is composed of 4 layers as shown ur&ify (b). The inner layer is
the mucosa, which is composed of a pseudostratbédnnar epithelium containing ciliated
cells and goblet cells. The second layer is themudosa, which is composed of connective

tissue ranging in density from loose to dense ula&g The cartilaginous layer contains C-shaped



rings of hyaline cartilage and facilitates smootbvement of the joints. The outermost layer
is the adventitia, which is a outermost layer amtains the cartilaginous rings interconnected

by connective tissue.

“Adam's appla®
(a)
Thyroid eartilage
Cricoid cartilage
Trachea —| '7Trachcalcamlages (b) } Posterior
= / Mucosa
Esophagus \ Submucosa
Trachealis \ ‘
Lot \/_ Seromucous gland
RIGHT 1284 LEFT LunG Muscle 1\ tachon /V/_i" submucosa
\\ ,6 . =
8. e Hyaline cartilage
R .. ‘6'/

“~— Adventitia (Areolz

Anterinr

Figure 1. Anatomy of Trachea (a) Trachea and main bronch&fhematic view of the axial
cross-section (Source: WebMD.com).

1.1.2 Tracheal stenosislracheal stenosis is defined as narrowing of érgral airway
due to loss of soft tissue and cartilage supporigthe trachea. Despite being relatively rare,
this condition can be life threatening with treatmiecluding surgery or the use of stents (Spittle
& McCluskey, 2000)The most common cause of tracheal stenosis is aaspecifically
internal trauma, usually caused by intubation (1288)8). Other potential causes of tracheal
stenosis, includes inflammatory diseases, benignatignant neoplastic conditions, and
extrinsic pressure (Grillo, et al., 1995). Typisgmptoms of tracheal stenosis include shortness
of breath, coughing, and stridor (Elliott et aD03).The narrowing may be seen in various

different shapes which are usually associated iatbauses (Lee, 2008; Webb, et al., 2000).



CHAPTER 2
Literature Review

2.1 Airway Surface Liquid Overview

During normal respiration, thousands of bacteri@ ater airborne irritants are inhaled
in the airway. Despite this constant intake of pgtns, the body is able to maintain sterility in
the airways due to the fluid that covers the s@rfaicconducting airways referred to as the
Airway Surface Liquid (ASL). ASL plays a criticable in the defense mechanisms of the lungs
against microbial and other environmental thredtsi§, Dab, & Quinton, 1993). It possesses a
mucus component that traps inhaled particles; gretiailiary liquid layer (PCL) that keeps
mucus at an optimum distance from the underlyinthea, through which the microorganisms
can be expelled in the flow of mucus of approxiya®® pm/s driven by the beating of
epithelial cilia from the airways illustrated ingeire 2 (Knowles & Boucher, 2002; Tarran,

Grubb, Gatzy, Davis, & Boucher, 2001).

Mucus flow ~60 um/s ——»

= Mucus

Cilia PCL

Airway Epithelial Cells

Figure 2. Epithelial cells, Cilia and Mucus layer illustragidefense mechanisms in the airway.
In normal airways, the PCL approximates the lemgtthe outstretched cilia which is 7

um, whereas the mucus layer varies considerablegightt from 7 - 7Qum (Jayaraman, Song,



Vetrivel, Shankar, & Verkman, 2001; Winters & Yeat&997). ASL also contains antibacterial
agents (e.g., lysozyme and lactoferrin), and magyatells such as neutrophils and macrophages

(Allen, Hutton, Pearson, & Sellers, 1984; Knowle8&ucher, 2002).

2.2 Components in the Airway Lining

2.2.1 lonic and chemical composition in the airwayThe volume, ionic composition,
and pH of the ASL are key physiological parametieas are related to airway hydration,
reactivity, and antimicrobial activity (Jayaramanal., 2001). These parameters are
also important in the physiology of Cystic Fibrofd~) which is a disease caused by a defective
gene characterized by abnormal transport of [idad [CI] across the epithelium, causing the
body to produce abnormally thick and sticky mudise composition of ASL may also depend
on secretion from airway glands, ion transport settbe surface epithelium and goblet cell
discharge (Widdicombe, 2002).

The surface of the airway lining layer is covergdadiquid that contains mucin
macromolecules, electrolytes, and water. The A8infa healthy airway contains [N4CI]
and K" with steep ion gradients existing across normafay epithelia which must be regulated
and maintained by active electrolyte transport sses of airway epithelia (Joris, et al., 1993).
Water moves into the airway lumen in response tw@€l secretion across the epithelia of the
tracheal surface and of submucosal glands. Actigermtion of Na across the surface
epithelium serves to remove liquid. These activetransport processes move liquid by
generating local osmotic gradients across the ejutin (Diamond, 1979).

2.2.2 Mucus and mucin role in the airwayMucus is a complex viscous adherent
secretion synthesized by specialized goblet celthe epithelium that lines the airway. It is

primarily composed of approximately 95% water, idnag secretions and proteins (Allen, et



al., 1984). Airway mucus maintains hydration in #wevay, it acts as a form of barrier to
pathogens, bacteria and contributes to the inrefendive system in mucosal immunology and
as a permeable gel layer for the exchange of gagkautrients with the underlying epithelium
(Allen, et al., 1984; Jeffery & Li, 1997; Tabak,98). Mucus is the first barrier with which
nutrients and enteric drugs must interact and sifilhrough, in order to be absorbed and gain
access to the circulatory system and their tangegtoggans.

The major macromolecular constituents of mucugtaenucin glycoprotein (Thornton,
Rousseau, & McGuckin, 2008). Mucins are high-mdl@cweight glycoproteins ranging from
200kD to 20-40 MDa (Offner & Troxler, 2000) and agressed by the epithelial cells and
endothelial cells (Levine et al., 1987). Mucins present as membrane bound or secreted
mucins with approximately 80% content of carbohyelrdlucins structure consist of tandemly
repeating amino acids rich in serine and threoniiegh are the site for O-linked glycosylation
(Rose & Voynow, 2006). Mucin is responsible forodaslastic properties of the secretions,
providing protection for the exposed delicate egliti surfaces from microbial and physical
injuries. They also produce certain enzymes thatesponsible for the host intestinal defensive
mechanism which prevents many microbial diseasa®(Set al., 2000).

2.2.3 Airway stent/tissue interfaceln order to have a successful and effective airway
stent, it is vital to understand the interface leswthe device placed in the airway and the
underlying tissue or environment around the implBoth the self-expandable metallic stent and
the silicone stents experience various problemis thig underlying tissues after placement in the
airway. The most common problem associated withesglandable metallic stents is granulation
tissue formation, mucus plugging and inflammatcaelysc(Gottlieb et al., 2009). The mechanism

of granulation tissue formation involves the intti@n of the metal with airway tissue which



10

causes excessive growth of healing tissue arounditte to cause blockage of the stent.
Similarly Bjarnason et al. reported the effectplaicing a metal stent in pig trachea which
resulted in retention of secretions or plugs of usuand secondary infection (Bjarnason et al.,
1999). Another problem associated with the metatignt is the shearing forces at the stent-
mucosal interface created by the differential motéthe stent relative to the airway contribute
to the constant stimulation of the airway mucosaging to reactive granulation tissue
(Burningham, Wax, Andersen, Everts, & Cohen, 2002).

Magnesium alloys have a potential to be used asdegradable tracheal stent because of
their attractive properties such as low densitghhstrength-to-mass ratio and good damping
characteristics (Tan, Soutar, Annergren, & Liu, 20/itte, 2010a). Magnesium is essential to
human metabolism and is naturally found in bonguts therefore released ions are nontoxic to
the human body. The current metallic tracheal sterdy not be used in children because they
are still growing therefore exchanging the exisstgnts are required. Thus a magnesium airway
implant can gradually be dissolved and excrete@¢é&dme extraction of the implants will be
unnecessary. Therefore, it is intriguing to evauae dynamics of metallic airway stents and

components of airway surface lining fluid interacts.

2.3 Historical Background on Magnesium

Although Joseph Black discovered magnesia in 1if5vgs not until 1808 when
Humphrey Davy demonstrated magnesia was the oXidenew metal using electrolytic
splitting, but it was first industrially producedly 78 years later. Michael Faraday later enabled
the production of Mg metal by electrolysis of fusethydrous MgGlin 1833 (Witte,
2010a).The production of commercial magnesium bégd852 in Germany, using a

modification of Bunsen’s cell and then followed Asnerica during World War I. Magnesium
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was used mainly for weapon-manufacturing as it et and fast. It was, however, only during
the World War Il in 1939 when the Germans and ldterAmericans started using magnesium
alloy for aircraft construction and other militaapplications, exploiting the low density of
magnesium (Chino, Kado, & Mabuchi, 2008; Nguyenptau& Srivatsan, 2009; Prasad, Rao, &
Gupta, 2009). From this first industrial productiomtil the Second World War the amount of
magnesium annual production increased from nedrly 235,000 tons in 1944, only to fall
again in the late 1940s (Heublein et al., 2003).

Research and development of magnesium alloys gigntfy declined after the 1960’s as
a result of an unfavorable price differential beswanagnesium and aluminum, and magnesium
alloys were no longer needed to support war aws/iffoday, major automotive makers are
researching applications of magnesium alloys irirexggand car parts in order to reduce the
weight and environmental impact due to gas emissmoaccordance with the requirements for a
more sustainable use of natural resources andati@atienvironmental impact (Mordike &
Ebert, 2001). Magnesium alloys are also widely uUsednanufacturing of mobile phones, laptop
computers, cameras, and other electronic compooenitg) to their excellent resistance to
electromagnetic radiation (Goh, Wei, Lee, & Gu@06; Han, Hu, Northwood, & Li, 2008;

Hassan & Gupta, 2003).

2.4 Magnesium as a Biodegradable Implant Material
Magnesium is the lightest of all the engineerindaise having a density of 1.7 g/¢nit
is 35% lighter than aluminum which has a densitg.@ g/cnf and over four times lighter than
steel which is 7.86 g/ct{Zucchi, Frignani, Grassi, Balbo, & Trabanelli08). The physical
and mechanical properties of magnesium make iecuiitable as a biodegradable metal implant

for both orthopedic and stent application (Staigeéetak, Huadmai, & Dias, 2006). Table 2
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compares magnesium to the natural bone and otlgaresring materials used as implants. The
difference in elastic modulus of the other engimgematerials corresponding value for natural
bone varies which may lead to stress shieldingceffetween implant and bone of the injured
bone since it will deprive the bone of the normieéss compromising the whole healing process
as well as the implant stability (Winzer et al.080E. L. Zhang, Yin, Xu, Yang, & Yang, 2009).
Table 2

Mechanical properties of Magnesium alloy compared to Natural Bone and other engineering

materials (Staiger, et al., 2006)

ngrjl;al Magnesium| Ti alloy Co-Cr | Stainless Nitinol

Properties alloy steel

Density (g/c) | 1.8-2.1| 1.74-2.0 4.4-45| 8392 7981 645

Elastic modulus

3-20 41-45 110-117 200-230 189-205 28-40
(GPa)

Compressive yield

strength (MPa) 130-180] 65-100 758-1117| 450-1000 170-310 70-140

Fracture toughness
(MPam”z) 3-6 15-40 55-115 N/A 50-200 N/A

Because of their low density and good mechanicgbgties combination, magnesium
alloys are interesting candidate for biodegradabfdants. Magnesium alloys provide
advantages when used as structural materials, ecdtheir high strength-to-weight ratio,
specific rigidity, good damping characteristicsg aastability, which makes them applicable in
various fields of modern engineering (Tan, et2005). Magnesium is the fourth most common

mineral salt in the human body and the second pmstnon intracellular cation Mg (Dube &
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Granry, 2003). It's also a vital element involvedseveral metabolic and biological mechanisms
(G. L. Song & Song, 2007) and is mainly preserthambone, muscle and soft tissues.

As early as in 1906 Lambotte applied magnesiumdegaadable implant material for the
fixation of bone fractures (Cao & Kou, 2006). Hedpure magnesium plates in combination
with gold-coated steel nails for the fixation diractured lower leg. However, due to galvanic
corrosion, the Mg plate degraded fast and it disblvithin 8 days with a large amount of gas
observed beneath the skin. Despite this set-backhauded that magnesium was resorbable in
the body and further research in the area has lne#grtaken since then in both animals and
humans using different alloys (Cao & Kou, 2006; idjavic & Schmid-Fetzer, 2006;
Riemelmoser et al., 2007) mosttyvitro (Liu et al., 2010; Witte et al., 2006), but alsoivo
studies (Witte et al., 2005; Zreigat et al., 2002).

In general, the use of degradable implants rediingeseed for a second operation for
implant removal, which saves money to the healstesy besides being beneficial to the patient.
This is particularly important for pediatric casescause the body is still changing and growing
which thus requires the permanent implants to mételgrowth. Additionally, degradable
implants also stimulate the damaged tissue asu#t tidsa gradual load transfer from the implant
to the tissue (Witte, 2010a). However, the optidedradation performance of a biodegradable
implant must be controlled to ensure the total rmeatal integrity of the tissue as well as
biocompatibility by delaying the formation of dededion products. For these reasons, a
magnesium implant resuming all the advantages weedi, make it a good material selection for

use as a biodegradable implant.
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2.5 Corrosion of Magnesium

Corrosion was defined in 1946, by The American &Etahemical Society as “the
destruction of a metal by chemical or electrochanieaction with its environment”. Corrosion
occurs due to the metals spontaneous need to tevernore stable form as it is found in nature
(Jacobs, Gilbert, & Urban, 1998). Magnesium cownss attributed to the high oxidative
corrosion rates due to its strong thermodynamideany to oxidize. It is generally known to
degrade in aqueous environments via an electrodaénaaction which produces magnesium
hydroxide and hydrogen gas. The general anodicatibdic reactions occurring on a

magnesium anode can be expressed by reactionsaf®d{p-2), respectively.

Mgs) —> MG g+ 26 Anodic reaction (2-1)
2HO@Eg + 26 ——> Hg) + 20H (o) Cathodic reaction (2-2)
Mgs) + 2HO@g) +—" Mg(OHy)s) + Ho (g) Net reaction (2-3)

2H,0 + 2¢ — 20H + H,

hlg2+

Mg— Mg+ 2e (Mg(On),

Figure 3. Reactions between magnesium alloy and aqueousoenvant.

These processes are illustrated on Figure 3. Tiheeprorrosion product formed is
magnesium hydroxide however different environmevilislead to further types of corrosion
products, e.g. carbonates when in the presencaribbeic acid or C@in water or sulphates
when in the presence of diluted sulphuric acidiswiphur containing contaminants. From the

analysis of the previous equations it can be olesktivat magnesium corrosion is not
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considerably dependent on the environment’s oxygacentration (G. Song, Atrens, Stjohn,
Nairn, & Li, 1997; G. L. Song & Song, 2007) .

2.5.1 Negative difference effect (NDE)he NDE is a very strange phenomenon found
in magnesium and its alloy due to the strong hyenogyvolution and the rate of this reaction has
been found to increase with the increase in theliammlarization. However, this phenomenon is
still not well understood. Due to this effect, patishg the corrosion behavior of magnesium
becomes challenging because it does not follomtinmal corrosion behavior as other metals
such as copper, iron and steels. Typically, anada cathodic reaction models the behavior of
all electrochemical corrosion processes meanirguasnt density increases, the anodic reaction
rate increases and the cathodic reaction rate aseseAn anodic increase of the applied
potential causes an increase in anodic dissoluéits) while the cathodic site decreases in
hydrogen evolution (G. L. Song & Atrens, 1999).

Song et. al reports the breakdown of a protectlaewhere the hydrogen evolution is
attributed to the presence of film-free regionsdaghe pits (G. L. Song & Atrens, 1999).
Therefore the increase of film-free surface witbhdin polarization must be overcompensated by
the decrease of the cathodic current density bdiarpwlarization. The dissolution of Mg
undergoes two reactions as shown in equations é&xd)2-5). In this model, the NDE is due to
the increase of the Mgoncentration by the anodic polarization, whichederates the hydrogen
evolution (Przylusk.J & Palka, 1970).

Mg———» Mg+¢€ (2-4)
2Mg" + 2H' ——» 2Md™ + H, (2-5)
2.5.2 The pourbaix diagram for magnesium corrosionThe behavior of magnesium in

water solutions at room temperature is shown irPigrbaix diagram in Figure 4 and it
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highlights the theoretical areas of corrosion, pas®n, and immunityThe Pourbaix diagram
provides a means for visualizing the effects okptal and pH on the thermodynamic regions of
magnesium corrosion and stability. At physiologigll = 7.4, magnesium’s corrosion potential
corresponds to the region where hydrogen is stdblerefore, magnesium corrodes in
physiological environments to produce magnesiurs idhg'/Mg®*) and hydrogen gas.

Hydrogen evolution is the dominant reduction reattso dissolved oxygen does not play a
significant role in Mg corrosion (Makar & Kruger923). Corrosion is strongly deterred above
pH = 11, the equilibrium pH for Mg(OHK)which is assumed to be the major constituenthef t

passive film.
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Figure 4. Magnesium’s pourbaix diagram in,® (Makar and Kruger 1993).
The electrochemical standard potential of the mist&} = -2.37V. Within the human
body magnesium degrades according to the readticeguation 2-3, leaving hydrogen gas

bubbles and magnesium hydroxide. These hydrogeblé&simay cause physical problems such
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as blocking the blood stream or separating thedsseading to necrosis in the vicinity of an
implant if large volumes are formed in a short pérof time. If the hydrogen bubbles are formed
slowly enough they will have time to diffuse inteettissue. The magnesium hydroxides form on
the surface of the implant, alkalizing the surrangd. When reaching pH above 11, this can
temporarily protect the metal, according to therBaix diagram.

2.5.3 Galvanic corrosionGalvanic corrosion is the corrosion that takes@lahen
different metals or alloys are coupled togethahapresence of an electrolyte. This type of
corrosion is observed when heavy localized corrosidche magnesium matrix is detected close
to cathodic areas (G. L. Song & Atrens, 1999). étidction between external and internal
galvanic corrosion can be established dependinghmther the Mg is in contact with a nobler
metal or whether there exist cathodic second phas@spurities in the matrix, respectively. The
position of the dissimilar metals in the galvareciss, the conductivity of the electrolyte and the
ratio of the surface areas of the dissimilar medadsfactors which affect the severity of the
corrosion. Magnesium is the least noble of the laetéh a potential of -1.7V, meaning that
magnesium is very susceptible to galvanic corro§@mg et al., 2006).

According to Ohm’s law, the galvanic corrosion emtrcan be expressed by:

(Ep—c - Ep—Mg)

oo =
corr (Re + Rm)

E,-c — Polarized potentials for the cathode material

E,-mg— Polarized potentials for the magnesium

Re — Electrolyte resistance

Rm — Resistance in the metal-metal contact betweedeaand cathode
From the equation, galvanic corrosion current caminimized by either minimizing the

potential difference between magnesium and theodatlor maximizing the resistance of the
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circuit. Metals with low hydrogen overvoltage swhcopper, nickel, and iron may have a
negative effect on the degradation performanceagmasium even in minor quantities, because
their low solubility in Mg can ease the developmehinicro-galvanic cells and cause internal
galvanic corrosion (G. L. Song & Atrens, 1999). Ba other hand, metals with high hydrogen
overvoltage are much less damaging. Additionalig, 4econdary phases present in the Mg alloy
can also behave as cathodes leading to dissolottittve Mg matrix adjacent to them. Grain
boundaries also represent cathodic regions tortbdiagrain interior. In this case, corrosion
tends to concentrate in the adjacent zone to @ie goundary until the eventual undercut and
fallout of the grain (G. L. Song & Atrens, 2003).

2.5.4 Pitting corrosion.Pitting corrosion is the most common type of laaad corrosion
in which pits form from dissolution of the specificeas of the material surface which leads to
creation of small holes in the metal. Pitting cerom occurs due to the depassivation of a small
area, which becomes anodic while an unknown budntiatly vast area becomes cathodic,
leading to very localized galvanic corrosion. Magjoen mostly undergoes pitting corrosion in
the presence of chloride ions in non-oxidizing medi(G. L. Song & Atrens, 1999). The
initiation of pits starts at defects of the pasdilra such as pores and scratches which are anodic
compared to their vicinity and result in the disgimn of metal.

2.5.5 Stress cracking corrosion (SCCPBince the Mg implant being used as a
biomedical implant will be under load, corrosiorden stress conditions must be addressed.
Stress corrosion cracking (SCC) is characterizethéygrowth of cracks in a material that is
exposed to a corrosive environment and stressalmechanical loading or a susceptible alloy.
The driving force of this type of corrosion is rteld to the potential difference between the grain

boundaries and the bulk material. In certain cavesnvironments, SCC usually leads to an
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unexpected quick failure of the sample, especialign subjected to a tensile stress. It usually
progresses rapidly and is more common among allays pure metals. Al and Zn containing
alloys promote SCC whereas alloys containing zitoonand rare earth are free from SCC
(Winzer, et al., 2005).

Studies regarding this type of corrosion claimeat,tdepending on the medium (Miller,
1993), chemical composition and structure of thed#igy, intergranular and transgranular SCC
was observed (Winzer, et al., 2005). Intergranciacking is continuous and involves only
electrochemical processes where dissolution ofrtagix adjacent to the grain boundaries is
observed and the consequent stress pulls the apztetl On the other hand, transgranular
cracking is found to be discontinuous and compgisimtechanical and electrochemical processes.
Pits and notches caused by electrochemical proxesselt in brittle fractures, cracking after
high stress tensions. The crack stops at barf@rexample grain boundaries, and continues
once the obstruction is removed by electrochenattatk. Hydrogen embrittlement has also

been reported to be responsible for SCC (Winzeal.e2005).

2.6 Surface Treatment of Magnesium Alloy

In order to enhance the corrosion resistance ohegilgm based implants to avoid fast
degradation in the human body, the magnesium akeyl to be coated to maintain their
mechanical integrity. There are many ways to enbdme corrosion resistance of magnesium
alloys in a way that inhibits electric contact beem the substrate and avoid galvanic corrosion,
as described in literature (Chiu, Wong, Cheng, &nM2007; Gray & Luan, 2002; Kuwahara et
al., 2000; Thomann et al., 2010). Typical surfaaaifiication techniques include physical
surface modification, chemical conversion treatmplasma electrolytic oxidation,

electroplating and organic coating. Among thesharigpies, plasma electrolytic oxidation is one



20

of the most promising methods for magnesium al(@i@ao & Tsai, 2005; Hsiao, Tsung, &

Tsai, 2005; Mizutani, Kim, Ichino, & Okido, 2003; W\ét al., 2007). Although plasma

electrolytic oxidation treatment is usually morgersive than a chemical surface treatment, it is
always selected for application requiring high perfance, such as wear resistance and heavy
duty paint preparation. In this work, plasma elelgtic oxidation of AZ31 magnesium alloy was
the coating choice for the surface treatment metbothe magnesium alloy.

2.6.1 Plasma electrolytic oxidation (PEO)Lt is the most industrially used method for
coating magnesium alloys. It is an electrolyticgpaation process used to increase the thickness
of the natural oxide layer on the surface of théatgarts by applying high voltages usually
from 100-500V (Vijh, 1971) on the metal which caonge the anode electrode of the electrical
circuit (Y. J. Zhang, Yan, Wang, & Li, 2005). Mastudies in the literature are dedicated to
understand the properties of these coatings on esagn substrates resulting in enhanced
corrosion and wear resistance (Arrabal, Matykinastimoto, Skeldon, & Thompson, 2009;
Ghasemi, Raja, Blawert, Dietzel, & Kainer, 2008arkg, Srinivasan, Blawert, & Dietzel, 2009,
2010).

In general, the microstructure of PEO coating imposed of an outer porous layer and
an inner barrier layer as shown in Figure 5. Thepaosition and quality of the inner barrier layer
has a considerable influence on the corrosionteesis of the coating, while the resistance of the
outer porous layer is too weak thereby not contimiguto a significant corrosion protection of
the Mg substrate (Y. J. Zhang, et al., 2005). €magro-pores, acting as transportation passage
for the corrosive ions, thereby, corrosive medig magidly enter onto the barrier layer of PEO
coating and so that decrease largely the protestsseof the PEO coatings (Blawert, Dietzel,

Ghali, & Song, 2006; Srinivasan, Liang, Blawerpr@ter, & Dietzel, 2010). Therefore, the outer
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layer usually requirea sealing treatment to achieve the necessary peafare (Zuo, Zhao, &
Zhao, 2003). Preparation process can also prodgoedquality of inner barrier layer, and
simultaneously, lower the porosity of the porougteshould be helpful to upgrade the corrosion

performance of PEO coatings.

4 <— High porosity layer

" «——— Low porosity layer

Non-porous barrier
layer

<+— Mg Substrate

Figure 5. Schematic description of a ceramic coating prephyeitie PEO process.

The structures of PEO coating on Mg alloy depengracessing parameters, such as
chemical composition of electrolyte, electric paeaens, alloy composition of substrate,
pretreatment and post treatment, etc. Especiakychemical composition of the electrolyte
exerts a considerable influence on the formatiah@operty of effective oxide layer for Mg
alloy (W. Zhang, Tian, Du, Zhang, & Wang, 2011)efdfore, it is important to select proper
base electrolyte compositions to improve the conmass and its corrosion resistance on Mg
alloys. The most common electrolytic bath contains chermaisath as phosphates, silicates,
hydroxides, fluorides in variable concentrations.

2.6.2 Polymer coating (PLGA).Amongst all the biomaterials, application of the
biodegradable polymer poly lactic-co-glycolic a@RLGA) has shown immense potential as a

drug delivery carrier and as scaffolds for tissngieeering (Makadia & Siegel, 2011). PLGA is
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a copolymer of poly lactic acid (PLA) and poly ghfic acid (PGA). PLGA polymers are
physically strong and highly biocompatible and hbeen extensively studied as delivery
vehicles for drugs, proteins and various other m@alecules such as DNA, RNA and peptides
(Bouissou, Rouse, Price, & van der Walle, 20067,J2000). The PLGA films can be used on
metallic surfaces to some effect, particularlytenss where sustained delivery of drugs is
critical in preventing restenosis and helping pré\eell proliferation in stents (Pan, Tang, Shao,
Wang, & Huang, 2007). However, this type of delywerethod results in an uncontrolled,
usually short, diffusion-like release and can disgthe structure of the metallic implant by
applying a uniform layer to the surface (Pan, TAgng, Wang, & Huang, 2007).

In orthopedic applications it has been shown that@o/nanostructure is very important
for bone growth, even on the surface of a PLGA {iBmith et al., 2007). An alternate method of
sustained drug delivery would be to employ a paldite formulation of PLGA. By doing so, it
would allow for a controlled, tunable drug releagelst preserving or enhancing the underlying
texture of the implant surface, thus also promotiejular interactions. The PLGA degradation
and the drug release rate can be accelerated aiegteydrophilicity, increase in chemical
interactions among the hydrolytic groups, lesstatisity and larger volume to surface ratio of
the device (Park, 1994; Schliecker, Schmidt, Fud$smbacher, & Kissel, 2003; Tsuji, Mizuno,
& lkada, 2000). All of these factors should be tak&o consideration in order to tune the

degradation and drug release mechanism for despglitation.

2.7 Problem Statement
The present work aims to investigate ith&itro corrosionbehavior of the AZ31 Mg
alloy in order to provide degradation informatiam future in vivo study while aiming to

reinforce the progress of biodegradable magnesmptaints. This was performed by evaluating
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the different concentrations of carbonate ions@ordine stomach mucin in a physiological
environment to determine their effect on the caosate on Mg alloy.
Hypothesis:

)] Addition of carbonate ions in the simulated physgatal solution will accelerate
general corrosion rate of the magnesium alloy.

i) Addition of porcine stomach mucin in the test solutdecreased the corrosion
rate of the magnesium by adsorption on the solifase thereby reducing the
formation of corrosion products forming on the saH.

The corrosion resistance of magnesium alloy wakiated by coating the samples using
plasma electrolytic oxidation (PEO) technique tovgiprotective coatings on the surface.
Consequently, a multi-layer coating of both anodiaad Poly Lactic-co-Glycolic Acid (PLGA)
coatings was investigated to further slow downitiiigal corrosion rate of the anodized
magnesium alloy by sealing the micro-cracks andarpores on the outer surface oxide layer
effectively.

Cytocompatibility of the magnesium alloy was assdassing porcine tracheal epithelial
(PTE) cells to determine the cell responses, ims$esf cell morphology and cell adhesion on the
different surfaces of the AZ31 Mg alloy includingtteated, anodized, multilayer coating of
anodized+PLGA and PLGA+Paclitaxel drug were evadal he cell adhesion assay was used
to analyze the potential of the magnesium allolydaitilized as biomedical implant studying its

non-toxicity and biocompatibility.
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CHAPTER 3
Materials and Methods

This study employed multiple techniques to charaatdhe corrosion rate of AZ31B
magnesium alloy as a biomaterial. Evaluation ofasion behavior was performed using
electrochemical testing and immersion testing @aanble solution mimicking the biological
environment. The morphological characterizatiothef samples was performed using Micro-CT
and SEM and chemical compositions were identifiedgiEDX and XRD analysis on corrosion
products after immersion tests. Cell adhesion asseyperformed using porcine tracheal
epithelial (PTE) cells to determine biocompatilyilif Mg alloys. Analysis of the cell culture
samples was performed by SEM observation, aftebeam coating, following fixation and

dehydration.

3.1 Sample

AZ31 Magnesium alloys with nominal composition 06-3.5 wt % Al, 0.6-1.4 wt % Zn
and balance Mg was tested in this study. The sawpdee obtained from GoodFellow Corp.,
Oakdale, PAFor the immersion test samples, the cylindripalcémens were cut with diameter
of 6.35 mm and a height of 2 mm, which were polishp to 1200 grit of silicone carbide sand
paper, using water as a lubricant and rinsed vaétame and distilled water sequentially and
dried. The electrochemical samples were embedded:poxy resin to leave a working area of
0.785cn4, and electrical connection provided through a eopyire. In order to ensure the same
surface roughness of samples, the exposed surfasalgo polished to 1200 grit of silicone

carbide sand paper.
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3.2 Solution

Both electrochemical and immersion tests was aameésamble solution also referred to
as simulated lung fluid (SLF), as shown in Tablen®nded to simulate the interstitial
conditions in the lung (Marques, Loebenberg, & Akazi, 2011). When preparing Gamble
solution, the components were added in order pteden the Table 3 to avoid salt precipitation.
Citrate was used instead of proteins to avoid fognaind acetate instead of organic acids. The
pH of solution was adjusted using 0.1M HCI and O N®OH to obtain a pH of 7.4.
Table 3

Concentrations of chemicals used to prepare Gamble solution or SLF (Marques, et al., 2011)

Gamble Solution Composition Concentration
Magnesium Chloride 0.095 g/l
Sodium Chloride 6.019 g/l
Potassium Chloride 0.298 g/l
Disodium Hydrogen Phosphate 0.126 g/l
Sodium Sulfate 0.063 g/l
Calcium Chloride Dihydrate 0.368 g/l
Sodium Acetate 0.574 gl
Sodium Hydrogen carbonate 2.604 g/l
Sodium Citrate Dihydrate 0.097 g/l

The concentration of sodium bicarbonate was chamgedier to study the effect of the
different concentrations of carbonate ions in asphiggical environment and evaluate the effect

on corrosion rate of Mg. The different carbonatesiconcentrations tested included 0 g/l, 1 g/l,
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2.69g/l and 4g/l. Porcine stomach mucin was lateleddn the SLF to mimic the epithelial
surface along the trachea. The different mucin entrations tested included 0 g/I, 0.03 g/l and
0.1 g/l. In total, there were 12 test solutionsbl€al, shows the different concentrations of both
porcine stomach mucin and NaHE@ Gamble solution. The different concentratiohbath

carbonate ions and mucin was studied to identiyetifiect of both ions and proteins on the

corrosion of magnesium alloy.

Table 4

Test solutions with different concentrations of mucin and sodium carbonate (NaHCO3) in

Gamble solution

Solution No. Concentrations of NaHGO Mucin Concentrations
Test Solution 1 0 g/l NaHCO 0 g/l Mucin
Test Solution 2 1 g/l NaHCO 0 g/l Mucin
Test Solution 3 2.6 g/l NaHGO 0 g/l Mucin
Test Solution 4 4 g/l NaHCO 0 g/l Mucin
Test Solution 5 0 g/l NaHCO 0.03 g/l Mucin
Test Solution 6 1 g/l NaHCO 0.03 g/l Mucin
Test Solution 7 2.6 g/l NaHCGO 0.03 g/l Mucin
Test Solution 8 4 g/l NaHCO 0.03 g/l Mucin
Test Solution 9 0 g/l NaHCO 0.1 g/l Mucin
Test Solution 10 1 g/ NaHGO 0.1 g/l Mucin
Test Solution 11 2.6 g/l NaHGO 0.1 g/l Mucin
Test Solution 12 4 g/l NaHCGO 0.1 g/l Mucin
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3.3 Porcine Stomach Mucin

Type Il partially purified porcine stomach muciras/purchased from Sigma-Aldrich, St.
Louis, MO (Cat #. M1778)The mucin was diluted into the Gamble solutionreate ann vitro
model of the epithelial mucus surfaces mimicking épithelial surface along the trachea to help
understand the degradation mechanism of magnegdioyimmucin. The three different
concentrations were 0 g/l, 0.03 g/l and 0.1 gillastrated in Table 4. The test solution was
prepared using distilled water and was continuossiyed until a homogeneous solution was

obtained.

3.4 Corrosion Characterization

Figure 6. Electrochemical testing setup.

The corrosion characterization techniques usedidsel immersion test, electrochemical
tests as well as monitoring of the pH change. Ebebemical tests were carried out using a
Gamry Ref 600 with the typical three electrode elystind a water bath set up at@G7Figure 6
shows the electrochemical setup used in the eldwtroical tests. The three electrodes
constituted of the working electrode (WE), refeeertectrode (RE) and the counter electrode

(CE). RE measures the working electrode potentidlres a constant electrochemical potential
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as long as no current flows through it. The WEhes ¢lectrode where the current is measured
while CE is a conductor that completes the cetitr A water bath set at 3Z was included in
the experiment.

3.4.1 pH measurementThe pH value of the test solution has a tremenedfest on the
corrosion rate of magnesium (Inoue, Sugahara, Yart@nd Tsubakino, 2002). Therefore, the
pH of both electrochemical and immersion teststewls were measured with pH meter (Oakton
® pH2100, Eutech instruments, Singapore) beforeadiad the tests to measure the pH variation
of the test solutions.

3.4.2 Immersion testimmersion testing was employed in this researcmieffort to
expose the degradation behavior of the magnesilay ial a physiological environment.
Cylindrical specimens with a diameter of 6.35 mmd arheight of 2 mm were cut from a rod of
as drawn AZ31B magnesium alloy, which were polishpdo 1200 grit of silicone carbide sand
paper. The test was carried out in an isotemp iatcutat 37C for 10 days, the samples were
immersed in 250ml Gamble solution and the beakarered with parafilm to minimize
hydrogen evolution and evaporation of the solutidme pH of solutions was adjusted using
0.1M HCl and 0.1M NaOH to 7.4 + 0.05 before the iengion test and measured after the
immersion test to determine the corrosion rate. @ube pH increase during the test, the
solutions were changed every day to minimize therpphct.

3.4.3 Open circuit potential (OCP).The open circuit potential measurement started 1
min after the sample was immersed in the testisoluThe data acquisition frequency was 0.5
Hz. The potential vs. time response data was dellifor a period of 24 hours for each test

involving the different test solutions tested. Hanples exhibited stable curves after 3to 5 h as



29

the surface of the sample became passivated. Esctvas repeated 3 times to ensure the
reproducibility of the results.

3.4.4 Electrochemical impedance spectroscopy (EIS)he frequency range for EIS
measurements was 100 kHz to 10 mHz, with sevenur&agnt points per decade.
Measurements were made at the OCP with rms amelatidO mV. The initial OCP delay was 1
min. The test was repeated 3 times to ensure gredeacibility of the results.

3.4.5 Linear polarization resistance (LPR)AIl polarization experiments were
performed at 3°C for a period of 24 hours. Linear polarizationtinmentation used by Gamry
Echem Analyst software converted the current meastar corrosion rate readings in mils per
year (mpy). The test was repeated 3 times to eribareeproducibility of the results.

3.4.6 Potentiodynamic polarization Potentiodynamic polarization curves were obtained
by scanning the potential from -0.2 V/OCP to 1 VRO®Iith a scanning rate of 0.5mV/s. The
larger anodic scan range was used because we agdnterested in the anodic region. After the
graphs were generated, Gamry Echem Analyst softwaseused in order to generate corrosion
rates for the samples. To do this, both an anaticcathodic section of the resulting curve was
chosen. The software then used a linear regressifirthe curve to the Butler-Volmer equation,

shown below, and to obtain the resulting tafel eand corrosion current.

2.3x(E—Eqg¢) 2.3*(E—-Eg()
I = icorr e Ba —e Ba

Where;
| — The measured cell current (Amps)
lcorr — The corrosion current (Amps)
E — The electrode potential (Volts)

Eoc — The open circuit potential (Volts)
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Ba — The anodic tafel slope constant (Volts per decade

Bc— The cathodic tafel slope constant (Volts per deta

3.5 Plasma Electrolytic Oxidation (PEO)

In this experiment, the formation of anodic oxidm$ was performed in 1M sodium
hydroxide and 0.1M sodium silicate electrolyte. Béution was prepared from distilled water
and was continuously stirred during treatment \&igtainless steel rod used as a counter
electrode. The PEO coatings were done at diffeapplied voltages in the range of 100V - 500V
and current density of 0.020mA ér.600mA cniand the pulse frequency was between 50Hz -

100Hz using the square waveform as illustratedgure 7.

V‘

Figure 7. Scheme of square waveform of applied voltage (\th wime (t).

The experiment was performed at room temperatuté@maintain a uniform
distribution of temperature, the bath solution waged by a magnetic stirrer in the 12000ml
glass container. The anodized sample was rinsed dsstilled water and dried. The corrosion
resistance of the coated AZ31 was analyzed usewrechemical testing. The plasma

electrolytic oxidation experimental setup is shawirigure 8.
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Figure 8. Plasma Electrolytic Oxidation experimental setup.

3.6 Polymer (PLGA) coating

PLGA (poly D,L-lactide-co-glycolide) pellets (PLGAA/GA=50/50, Mw 40000-75000)
were dissolved in chloroform in order to obtain B&%v) solution. The solution was stirred until
a homogenous polymer solution was obtained. Befoaging deposition, the samples were
polished with waterproof abrasive paper up to 1¢03, degreased with acetone and rinsed with
ethanol and distilled water sequentially, and tfutlowed by blow-drying. The dip coating
process was performed by dipping the both the atédeand anodized AZ31 samples into the
polymer solution, followed by drying in an ovengC for 10 min. The thickness of the
deposited polymer was controlled by the numbenmbidg between 1 and 5. For this study,
three dip coatings were explored for both electencical testing and cell adhesion assay.

Polymeric drug delivery system using paclitaxelded PLGA was used to coat cell
adhesion assay samples. Paclitaxel of 99.5% pwes/purchased from Sigma-Aldrich (USA).

The drug release coating was composed of poly @atide-co-glycolide)/paclitaxel
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(PLGA/PTX) layer coated using dip coating. The nimipgy of the cells attached on the cells
was studied using SEM to determine if the cellsensdfected by the drug release controlled by

the degradation of PLGA.

3.7 Cell Adhesion Assay

In this study, the cell adhesion assay involvedloating AZ31 alloys samples generally
exhibiting an area of 0.785éwith primary porcine tracheal epithelial cells.héTporcine
airway epithelial cells were provided by Dr. Jendfaterman (North Carolina A&T State
University, Greensboro, NC). Briefly, frozen pareitracheal epithelial cells were warmed in a
37°C water bath for 1-2 min. The cells were trangd to pre-warmed media (50:50 mixture of
Dulbecco’s Modified Eagle Medium (DMEM): Ham'’s F-t@ntaining 2% fetal bovine serum
(FBS), antibiotics and growth supplements) and tpgolegently to evenly distribute cells. Cell
were seeded at a density of 1XPTE cells/well (in a volume of 0.6 ml media/welhto AZ31
alloy discs categorized into four test groups: eatted, anodized, untreated+PLGA, and
untreated+PLGA+10% Paclitaxel drug coatings. Saswere incubated at 37°C with 5% £0
conditioned humidified air, using 24-well (#3526ates for approximately 12 hours. Following
incubation, media was aspirated and the samples mvesed three times with 1X PBS pH 7.4 to
remove non-adherent cells. The attached cells therefixed in 4% paraformaldehyde and
dehydrated using 100% ethanol. Analysis was pexddrby ion beam coating and SEM

observation, following fixation and dehydration.

3.8 Surface Characterization
In this section, introductory surface charactermatechniques used in the experimental

work is presented. The techniques used included,SE\D, EDX analysis, and Micro CT.
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3.8.1 Scanning electron microscopy (SEM)n this experiment, Hitachi SU800O field
emission scanning electron microscope was usetilites a raster scan pattern which enables
the observation and local characterization of n@térsurface topography, chemical
composition and crystallography at the micrometates The operating principle of the SEM
involves the scan of the sample surface, usingayfifocused electron beam, controlling the
brightness at each point of the obtained image lwisi@acquired in accordance with the signal
emitted by the sample (Hitachi, 2012).

3.8.2 X-ray diffraction (XRD). In this experiment, X-ray diffraction was perfortine
using the Bruker AXS D8 Discover. X-ray diffractiQdRD) is a versatile, non-destructive
technique that reveals detailed information abbetdhemical composition and crystallographic
structure of materials. The basic step in X-raystajjography involves measuring the intensity
of the diffractedX-rays at various angles. The different samplesrdfte 10 day immersion test
were characterized by XRD to determine the chenzicaiposition of corrosion products formed
on the surface. The patterns were later compartdtiaé control sample.

3.8.3 X-ray computed tomography (micro-CT).The surface morphology of the
immersion test samples in this experiment was exedhusing micro-CT (Phoenix Nanotom-
M™ GE sensing & Inspection technologies GmbH, Geghahown in Figure 9. X-ray
computed tomography in non-destructive 3D analgsiseloped to fulfill the fast growing
demand for high resolution and high precision insadiefeatures a fully automated CT scan
execution, volume reconstruction and the analysisgss. The immersion test samples were
analyzed after the 10 days immersion to charaeéhie 3-D morphology of the corrosion

products formed on the surface.



Figure 9. Micro-CT System Nanotom-M at North Carolina A&T &taJniversity.

34
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CHAPTER 4

Results and Discussion

4.1 Immersion Tests Results

Figures 30, 31 and 32 in the appendix shows dpticages of AZ31B alloy after
immersion test (Before Immersion, Day 3 and Dayepectively) in Gamble solution with
different concentrations of carbonate ions andiperstomach mucin in the test solutions as
illustrated in Table 4. White calcium phosphateswaposited on the surface of the sample
immersed in the Gamble solution containing 0 g/l®4@g/l Mucin. It was observed that the
thickness of the precipitate increased as day pass®svever, the white calcium phosphate
precipitation diminished gradually with the increas both carbonate ions and mucin
glycoproteins in the solutions. The thickness amifoum corrosion products mainly Mg(OH)
were formed on the surface of magnesium alloy inseebin solution with carbonate in this
study. Xin Y et al. asserted that HG@ns in solution accelerated initial corrosion of
magnesium, but retarded the pitting corrosion ardosion rate as time lapse since it forms
passivation layer consisting of magnesium carbof¥éteet al., 2007).

4.1.1 pH measurement resultsThe variation of pH plot during immersion tests is
shown in Figure 10. The immersion test was repeataues (n=3) for duration of 10 days each
and the average values plotted with the error §laosving the minimum and the maximum pH
values. From the plot it can be noted that the petehsed in the test solutions containing 0 g/l
HCO3, 0 g/l mucin by -0.4 while the pH of the test smas containing 0 g/l HC§ 0.03 g/l
mucin and 0g/l HCg 0.1 g/l mucin both decreased about -0.3. The githlly increases during
immersion test because Oate generated at both anodic and cathodic regi®msagnesium is

corroded (G. L. Song & Atrens, 2003). However, pieof solutions was lower in this case



36

because of the effect or the formation of hydroxgae on the sample surface (Barrere et al.,
2003; Lindstrom, Johansson, & Svensson, 2003).pfbeess that induces hydrogen ions is
shown in equation (4-1). The pH variation withdug mmagnesium sample was also tested to
confirm decrease of pH by dissolution of £i@ the atmosphere and average of daily decrement

was about 0.2.

CaHz (PQy)6.5H,0 + 2C&" —  CgPQy)e(OH), + 3H0 + 4H' (4-1)
1.4
[ —=—0.00 g/L mucin
12 . 0.03g/Lmucin
1.0 - —a—0.10 g/L mucin
0.8 |
T 06
S 04l
[
2 02}
o
s 0.0}
=
0.2}
0.4}
1 n=3
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0 1 2 3 4

Concentration of HCO, (g/L)

Figure 10. Variation of pH plot on the AZ31 samples showing #ifect mucin and HCO
increase in Gamble solution.

The addition of bicarbonate ions in the solutioovséd a substantial increase in the pH.
The plot illustrates solutions containing 4 g/l HE® g/l mucin increased by approximately
+1.3 which was the highest pH increase from allstbletions tested. This indicated that the
corrosion rate of magnesium alloy caused by H@&hs was faster than the formation of

hydroxyapatite caused by the calcium and phosphatelution. Similar results were also
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obtained by Xin et al. (Xin, et al., 2007) showiheg effect of HC@ ions increase in the
corrosion behavior of magnesium in simulated fldide solution containing 4 g/l HG(0.1 g/l
mucin had a lower increase of pH of about +0.8 caneqg to 4 g/l HC@ 0.03 g/l mucin which
had +1.2 hence the increase in mucin in the seldtwered the corrosion rates of the samples
immersed in the solutions. It is hypothesized thatin adsorption on the surface of the samples
decreases the corrosion rate by reducing the fawsmat corrosion products on the surface,
which explains the low pH with the increase in nmuci

4.1.2 X-ray computed tomography (micro-CT) resultsCalcium phosphate was
deposited on the surface of the samples immerstgeiGamble solution containing 0 g/l Hg;O
0 g/l mucin and 0 g/l HC§) 0.03 g/l mucin with pitting corrosion only occung on the areas
where thickened precipitate had fallen off as thated in Figure 33 in the appendix. The
deposition of calcium phosphate was seen to dezirasnatically on the sample immersed in
the 0 g/l HCQ, 0.1 g/l mucin solution. The same phenomenon wasmwed when there was an
increase of HC@ ions in the Gamble solution, which acceleratecegacorrosion rate of the
samples corroded uniformly without severe localizedosion as shown in Figure 34 in the
appendix. Some voids and corrosion products weradd by small pitting corrosion were
observed with a thin layer of corrosion productloa surface. As the concentration of HCO
ions increased, the more general corrosion proggdetsais increasing the corrosion product
thickness, evidenced by the SEM cross-section nodogly as shown in Figure 35 in the
appendix.

4.1.3 Scanning electron microscope resultSEM images of the surface of the samples
after immersion tests were taken after 10 daysawas in Figure 11 illustrating an increase in

carbonate ions from 0 g/l HG@o 4 g/l HCQ respectively with 0g/l mucin in the solution.
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Figure 11(a) shows spherical calcium phosphate ossgpof splenial microstructures were
incompactly deposited on the surface of the sanjple.splenial microstructures in rosette
cluster of hydroxyapatite have been observed inynstudies (Pietak, Mahoney, Dias, & Staiger,
2008; Tomozawa & Hiromoto, 2011) on calcium phoselt@ating on titanium or magnesium

alloys and onn vitro andin vivo test for them in physiological environment.
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Figure11. SEM images of corroded surface after immersionftestO days. Solutions had O g/l
concentration of mucin with (a) 0 HGQb) 1 HCQ; (c) 2.6 HCQ; (d) 4HCQ.

With the addition of HC® ions, the tendency of corrosion completely chargebeing
covered with dense corrosion products with sphecaleium phosphate partially formed at sites
where pitting corrosions, as shown in Figures )1(¢) and (d). The corrosion thickness was

observed to increase with the increase of H{©As concentrations while the presence of
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hydroxyapatite decreased. The effects of carbortatekto be complex in terms of corrosion.
They can accelerate or slow the corrosion rateagmasium depending on the concentration of
carbonate ions. According to the work of Baril &®bere, when the concentration of carbonate
ions exceeds about 40 mg/L, the corrosion rate gpekie to accelerated dissolution of the
Mg(OH), (MgO) protection film (Baril & Pebere, 2001). He& concentration is lower than this
critical concentration, corrosion of magnesium bamrretarded. The carbonate ions concentration
in the gamble solution was about 2.6 g/L (Marqees)., 2011) which is much higher than 40

mg/L. Hence, carbonates increase the corrosionnma@amble solution.
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Figure 12. SEM images of corroded surface after immersionftestO days. Solutions had 0 g/L

HCO; with (a) 0 g/l mucin; (b) 0.03 g/l mucin; (c) Gydl mucin.
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Figure 12 shows SEM images of corroded surface aft@ersion in test solutions # 1, 5,
and 9 containing no concentration of carbonate waitts increasing concentrations of porcine
stomach mucin 0 g/l mucin, 0.03 g/l mucin and Q.Iglcin respectively. It can be observed
that the increase in mucin effect was almost tineesas when the carbonate ions in the solutions
which decreased the presence of hydroxyapatitbe@surfaces of the samples. Porcine stomach
mucin adsorption on the solid surface of the maigneslloy decreased the corrosion rate by
reducing the formation of corrosion products forghon the surface or the deposition of calcium

phosphate on the surface of the magnesium alloy.
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NCAT 5.0kV 8.2mm x100 LM(UL)
Figure 13. SEM images of corroded surface after immersionftestO days. Solutions had 4 g/l

HCO; with (a) 0g/l mucin; (b) 0.03 g/l mucin; (c) 0.4 ghucin.
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The mucin is seen to reduce the formation of hygapatite on the surface by attaching
on the magnesium surface hence reducing the fawmaficorrosion products. This same effect
observed in the SEM images in Figure 13 of sampi@sersed in 4 g/l HC®ions with an
increase in mucin. The hydroxyapatite depositiothensurface decreased with an increase in
mucin causing the splenial microstructures in teseuster of hydroxyapatite to decrease on the
surface.

Table 5
Chemical composition of corrosion products formed on the surface after immersion test in

solutions for 10 days detected by EDX analysis (Unit: Atomic %)

Solution concentration C O Mg Al P Cl Ca Z1
0g/l HCG;, 0 g/l Mucin 6.51| 42.10 0.95| 0.23| 18.42 0.0p31.06| 0.25
2.6g/l HCQ, 0 g/l Mucin 3.89| 50.2421.40| 0.00 | 12.81] 0.06 10.03| 0.00

0g/l HCG;, 0.03 g/l Mucin 6.860 44.6R10.26| 0.00 | 13.33] 0.11 24.90| 0.65

2.6g/l HCQ, 0.03g/l Mucin 5.65| 46.2020.10| 3.62 | 12.65 0.00 11.13| 0.12

0g/l HCG;, 0.1 g/l Mucin 8.95| 38.1%31.40| 0.00 | 12.16) 0.09 9.75 | 0.08

2.6g/ HCQ, 0.1 g/l Mucin 10.23 35.2127.70| 1.12 | 13.21} 0.00 12.45| 0.00

Table 5 shows chemical composition of general mroproducts formed on the surface
after immersion tests for 10 days in Gamble sotuf(Marques, et al., 2011) as detected by EDX
analysis. The EDX table shows corrosion produasaainly Mg(OH) and small amount of
MgCOQO; due to the presence of carbonate ions. Howewesdhution containing 0 g/l HGOO

g/l Mucin formed precipitation of O, Ca and P whighs uniformly deposited on the surface
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with Ca/P ratio of about 1.6~1.8 while magnesium heslly detected in the corrosion products.
Therefore, it might be inferred that the productlos surface on the sample of the solution was
only deposited and was not a corrosion product.fabethat the Ca and P exist in the form of
hydroxyapatite has been confirmed by the presehEgeak in XRD.

The constituents of corrosion product formed irusohs containing HC®ions were O,
Mg, P and Ca and Ca/P ratio was about 0.8~1. Thelainod magnesium was higher and Ca/P
ratio was lower in comparison to composition ofrosion product formed on the sample in the 0
g/l HCG;s, 0 g/l mucin solution. The was small contents binAcorrosion products formed on
the surfaces of the samples immersed in solutiontaming HCQ@ than samples immersed in
solutions without HC@ ion as identified from the EDX data of Table 6eisental mapping
images on predominant constituents of cross sectibnorrosion products formed after the
immersion test for 10 days is shown in Figure 14.

The mapping results in Figure 14(a) showed the siépo of calcium phosphate
compound on the surface of the sample immersedmli solution containing 0 g/l HGD
g/l mucin. The deposition of calcium phosphate wlaserved to be thicker with no pitting
corrosion on the surface of the magnesium substatall amounts of Al was also observed on
the surface of the corrosion products, howeverptedominant elements were Ca, P, and O.
Figure 14(b) shows mapping elements of corrosiadycts formed on the samples immersed in
solutions containing 0 g/l HGO0.1 g/l mucin which was observed to have thinasion
products of Ca, P and O elements. The thicknetizeoforrosion product decreased in thickness
in the presence of mucin. The Mg substrate hadttiogpon the surface due to the deposition of

both mucin and calcium phosphate on the surface.
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Figure 14. SEM images showing mapping images of cross-sectibosrrosion products formed
after immersion for 10 days in Gamble solution;qayl HCGQ;, 0 g/l mucin, (b) 0 g/l HCg 0.1

g/l mucin, (c) 2.6 g/l HCgQ 0 g/l mucin and (d) 2.6 g/l HG0O0.1 g/l mucin.
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Figure 14(c) shows mapping illustrating corrosiosaducts elements formed on the
samples immersed in the Gamble solutions contaiiég/l HCQ, 0 g/l mucin. It was observed
that the thick corrosion products displayed pittiogrosion on the surface of the sample tested
compared to the sample immersed in 2.6 g/l @A g/l mucin which had a thinner corrosion
products with uniform and pitting corrosion formiag the surface. The main corrosion product
on the samples containing Hg®ns were mainly Mg(OH)which was reconfirmed from the
line analysis results in Figure 15 while the sammptemersed 0 g/l HC§O0 g/l mucin had

mostly calcium phosphate deposition on the surface.

SE MAG: 8000 x HV: 0.0 kV WD: 16.8 mm

Figure 15. Line analysis of cross section on corrosion proslafter immersion test in the

solutions (a) 0 g/l HC@ 0 g/l Mucin, (b) 2.6 g/l HCg 0 g/l Mucin.
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Figure 16 shows SEM cross-section morphology coispaito determine effect of both
carbonate and mucin showing the corrosion produckmess formed on the surface samples.
The thickness of corrosion products on the suréddbe samples increases when immersed in
the test solution containing HG@ns. Thus the more concentrated the test soluaswith
carbonate ions, the thicker the corrosion prodidtsvever, the thickness of the corrosion
products decreased with the increase of mucin cdraeten in the solution. The average
thickness of calcium phosphate deposition formethersurface of the sample immersed in 0 g/l
HCO;3, 0 g/l mucin solution was approximately 36.2umletine average deposition thickness
formed on the surface immersed in 0 HC@1g/l mucin was approximately 3.1 um thick. The
thickness of the corrosion products was measuneg limage Pro software which measured 10
different lengths on each SEM image and an avesatiee values calculated to get an
approximate average thickness. Since one sampleiseasto measure the thickness of the
corrosion products, no statistical analysis wasopered.

The sample immersed in 2.6 g/l HEO g/l mucin had uniform corrosion products of an
average thickness of approximately 19.5 pm whieg. HCG;, 0.1 g/l mucin decreased to
about 5.6 um thick. The average thickness of cmnosroducts formed on the sample immersed
in 4 g/l HCQ, 0 g/l mucin was approximately 32 um while the pemmmersed in 4 g/l HCH)

0 g/l mucin solution had approximately 8.7 um thickrosion products. It can therefore be
concluded that mucin had an effect on reducingtteosion rate of the samples by lowering the
corrosion products formed on the samples whilartbeease of carbonate ions increased

passivation on the surface resulting to thickerasion products.



Figure 16. SEM cross-section morphology comparing the corropimducts thickness on the
samples in different solution concentrations; (g)IHCG;, 0 g/l Mucin, (b) 2.6 g/l HCg) 0 g/l
Mucin, (c) 4 g/l HCQ, 0 g/l Mucin (d) 0 g/l HC@ 0.1 g/l Mucin, (e) 2.6 g/l HC§0.1 g/|

Mucin and (f) 4 g/l HCQ@, 0.1 g/l Mucin.
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4.1.4 X-ray diffraction (XRD) results. The XRD analysis of corrosion products
revealed the presence of calcium phosphate (hydpatite) precipitate peaks on the surface of
the sample immersed in Gamble solution containigg 61CO;, 0 g/l mucin. The hydroxyapatite
exhibited high intensity peaks and was noted toesse with both the increase of both mucin
and bicarbonate ions in the solutions as illustrate=igures 36 and 37 at the appendix. This
implies that mucin altered the formation of coravsby inhibiting calcium phosphate
compounds from forming on the magnesium surfacéewthe addition of carbonate ions
accelerated general corrosion rate with presenogaghesium carbonate peaks on the surface of
the surface samples. The results also revealedmre®f magnesium hydroxide (Mg(QMHas
the main corrosion products although the peaksniteas high due to formation of thin

corrosion layer formed on the surface of the immeéisamples.

4.2 Electrochemical Test Results

4.2.1 pH measurementFigure 17 shows variation of pH plot illustratitige effect of
mucin when increased in Gamble solution contaidiggl HCG;” during electrochemical testing
for a period of 24 hours. The pH was noted to iaseegradually in all the three different
solutions. The presence of bicarbonate HG@hs in the solution caused a substantial increase
the pH. However, with the increase of mucin in @emble solution, the pH decreased hence
slowing the corrosion rate. Mucin adsorption onghegace of the magnesium samples surface
reduced the formation of corrosion products fornonghe surface, hence the low pH with the
increase in mucin. Similarity could also be obsdrigetween the immersion test pH
measurement and the electrochemical test. Both bast a pH increase of around the same
value, for example comparing 4 g/l Hg;@ g/l mucin test solution had an increase of

approximately +1.2 for the duration of the 24 hours
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Figure 17. Variation of pH plot showing the effect of mucircrease on the pH of Gamble
solution containing 4 g/l HC{during electrochemical testing.

4.2.2 Open circuit potential (OCP).Figure 18 shows the evolution of Open Circuit
Potential (OCP) for AZ31B magnesium alloys when iensed in Gamble solution at 37°C for
24 hour comparing the effect of mucin in termsaf@entration (0 g/l, 0.03 g/l, and 0.1 g/l).
Both samples immersed in gamble solution contaifigd HCGQ and 1 g/l HCQ@in Figure
18(a) had almost identical increase in potentiattimcreased rapidly before stabilizing after
2.5 hours of immersion. However, the samples imatkens Gamble solution containing both 2.6
g/l HCOsand 4 g/l HC@had a prolonged increase in potential which toblobrs before
starting to fluctuate between -1.35 V and -1.45&tighout the immersion period. Figure 18(b)
had the same tendency as (a), however, the origreliice is that the potential of the sample
immersed in 4 g/l HCgincreased gradually for about 10 hours before ktaig with a potential

of 1.34V. Figure 18(c) shows a rapid increase itepial of sample immersed in Gamble
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solution containing 0 g/l HC&or 1 hour before it stabilized at 1.45V. After A0urs, the
potential was observed to decrease to 1.50V. Timples immersed in 2.6 g/l HG@nd 4 g/l
HCO; had the same increase in potential. The sharphbiserved during the open circuit

potential first hours of immersion is probably dodilm formation or passivation.
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Figure 18. OCP plots comparing the mucin effect on the samiptesersed in Gamble solution
containing different concentration of Hg@ns for 24 hour at 3T. (a) 0 g/ml mucin; (b) 0.03
g/l mucin; (c) 0.1 g/l mucin.
The effect of the different concentrations of muairthe solution did not have an effect
on the potential on the samples being tested. Heuyéve potential increased with an increase of

HCGQO; ions in the solutions which was due to the inceezfghe corrosion products forming on
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the surface of the magnesium samples possibly nsagnenydroxide, magnesium carbonate or
calcium phosphate. Therefore, increasing HG@ns in the solutions caused the thicker
corrosion product which resulted in the higher pos.

The open circuit potential (OCP) is a parametelyedstermined experimentally through
direct measurement of the electrode potentiallatic: to a reference electrode. OCP indicates
the thermodynamically tendency of a material tatebehemical oxidation in a corrosive
medium. The OCP was recorded until it stabilizesiad a stationary value within three to four
hours of immersion, although this potential mayywaith time because changes in the nature of
the surface of the electrode such as the oxidatahformation of the passive layer.

4.2.3 Electrochemical impedance spectroscopy (EI8sults. As enlightened
previously, in order to identify and investigate #lectrochemical reaction mechanisms, the
electrochemical behavior of the untreated, anodaretiPLGA coated samples were examined
by EIS. The EIS measurements with its frequencyddimg information allow distinguishing
between different corrosion mechanisms and to agkegprotecting ability of the surface
corrosion products. The film formed during exposiaréhe different electrolytes can act,
according to its stability and homogeneity, as aevaw less efficient electric barrier for the
charge transfer. The higher the resistance ofdbeltant surface layer, the higher the corrosion
resistance of the film and therefore the highel balthe impedance value measured at low
frequency (Quach, Uggowitzer, & Schmutz, 2008).

Based on the impedance plots, the microstructeedlfes of the corrosion products and
oxide coating, appropriate equivalent circuit haeen proposed as shown in Figure 19 (Duan,
Yan, & Wang, 2007; Ghasemi, et al., 2008). Thewedent circuit consists of two R/CPE

components in series withsRcorresponding to the three parts of the EIS nmredsiie. corrosive
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environment, outer layer and inner layer, respettivin the equivalent circuit, Rs the solution
resistance; RCPE pair represents the resistance of the corrosiodyats or coating, and

R,/CPE pair is the inner layer/interface resistance efabrrosion products or coating.

[ 1
| I
Ri R,
-
L |
Rs
//
[ 1 CPE —
CPE,
A\
//

Figure 19. Schematic representation corresponding to equivalesuit of EIS plot.

Figure 20 shows the EIS nyquist plots for AZ31 mesgam samples immersed in
Gamble solution without carbonate ions showingetfect of mucin increase at %7 at different
immersion times up to 24 hours. The choice of sutdng duration is essential to estimate the
longevity of the material being tested for implapplication and at the same time help study the
corrosion products formed on the surfaces of thepéas. The Nyquist plots sample had similar
shapes of the except for the difference in the diamof loops. The diameter of the capacitive
semicircle of a measured Nyquist spectrum is clossthted to the corrosion rate (G. L. Song,
Bowles, & StJohn, 2004), the larger the semicirgl¢he better the corrosion resistance is. The
larger diameters represent higher frequency whaestnaller diameters represent low frequency.
The high frequency capacitive loop may originatfrithe passivation on the AZ31 alloy hence
better corrosion resistance. Figure 20 (a) diametgy increased for 10 hours, before the

corrosion resistance of the sample started tomkecli
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Figure 20. EIS nyquist plots of sample immersed in Gambletgmiucontaining Og/l HC®

showing the effect of mucin increase. (a) 0g/I M) 0.03 g/l mucin; (c) 0.1 g/l mucin.

Figure 20 (b) increased for 5 hours before theidedf the corrosion resistance while

Figure 20 (c) increased for 15 hours before ittethto decline. The decline in the diameter loop

is due to the pitting corrosion formed on the stefaf the samples which breaks the passivation

on the surface. It can therefore be concludedahatger amount of mucin in the Gamble

solution stabilizes the sample hence having a betteosion resistancd.he circuit elements

calculated from the fitting results of the immersimpedance plots showing increase in mucin

concentrations is summarized in Table 6.
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Table 6

Parameters of EIS showing the effect of mucin increase in Gamble solution

Time 0 g/ HCG;, 0 g/l 0 g/ HCG;, 0.03 g/l | 0 g/l HCG;, 0 g/l Mucin R
(Hours) Mucin R, (Qcnr) Mucin R, (Qcnr) (Qcn?)
1 hr 3.225x19 4.081x10 2.571x10
2 hr 6.161x10 8.930x10 6.034x10
5 hr 8.550%x1% 20.68x10 11.87x16
10 hr 13.82x10 13.78x10 12.34x10
15 hr 7.232x10 9.045x10 37.48x10
24 hr 8.410x10 6.969x10 23.49x10

Table 6 shows the resistance of corrosion prodoatsed on the immersed surface
during EIS. The sample immersed in 0 g/l HCOg/l mucin solution had its corrosion products
resistance increased over duration of 10 hour8182k1G Qcny before it started decreasing
and fluctuating around 8.41x1Qcn after 24 hours of immersion. The decrease in the
resistance of the corrosion products after 10 hotinimersion was due to pitting corrosion
formed on the passivation layer which caused thistance to decrease. The sample immersed
in 0 g/l HCQ;, 0.03 g/l mucin solution had its corrosion produesistance increase for 5 hours
before it started decreasing ending up with 6.96£kf" after 24 hours. However when 0.01
g/l of mucin was added in the solution the pasgwaiayer was more stable and increased
gradually before starting to decrease after 15$0lnerefore, it could be concluded that a larger
amount of mucin in the solution caused the corrgimducts formed on the surface to be more

stable and decreasing pitting corrosion from hapyean the surface of the passivation layer.
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Figure 21. EIS nyquist plots of sample immersed in Gambletsmiucontaining 0g/l mucin
showing the effect of increasing carbonate ion® (@) HCGQ; (b) 1 g/l HCQ; (c) 2.6 g/l HCQ;
(d) 4 g/l HCQ.

Figure 21 shows EIS nyquist plots for AZ31 magaessamples immersed in Gamble
solution without mucin showing the effect of incseay carbonate ions at %7 at different
immersion times up to 24 hours. The diameters @bscare increased with the increase in
carbonate ions in the solution causing surfaceiyatssn. This behavior mainly resulted from
the fast precipitation of magnesium hydroxide araynesium carbonate in the corrosion product
layer that can subsequently suppress developmagittioly corrosion completely.

The circuit elements calculated from the fittinguked from the immersion impedance

plots showing increase in carbonate ions conceotraare summarized in Table 7. After 24
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hours of immersion, the sample immersed in 0 g/0&E@ g/l mucin corrosion product
resistance of 8.41x¥@cn? while the samples immersed in 1 g/l HEO g/l mucin, 2.6 HCQ
0 g/l mucin and 4 g/l HC§0 g/l mucin had Rvalues of 191.9x1cn?, 224.7 x18 Qcm’and
8.446x16 Qcnv respectively. From the EIS parameters, it canrbeem than the corrosion
products resistance;Rr the passivation layer increases with the irswes the carbonate ions
in the solution.

Table 7

Parameters of EIS showing the effect of carbonate ions in Gamble solution

Time 0 g/l HCG;, Og/l 1 g/IHCG;, Og/l | 2.6 g/l HCQ, 0 g/l 4 g/l HCG;, Og/l
(Hours) | Mucin Ry (Qcn®) | Mucin R, (Qcn?) | Mucin R, (Qcn?) | Mucin Ry (Qcn)
1hr 3.225x19 7.137x10 17.82x10 15.77x168
2 hr 6.161x10 8.666x10 22.27x10 36.02x10
5 hr 8.550%10 14.58x10 76.56x10 503.9x10
10 hr 13.82x19 26.18x10 97.71x168 2.340%x10
15 hr 7.232x10 48.54x10 137.9x10 3.923x10
24 hr 8.410x19 191.9x10 224.7x10 8.446x10

The corrosion resistance of the untreated sampBaimble solution with different
concentration of mucin was also evaluated by El& different concentrations of mucin tested
were 0, 0.1, 0.5 and 1 g/l mucin. Gamble solutidh i g/l mucin solution had a higher
polarization resistance due to the larger diamsténe capacitive loop, hence suggesting a
stronger anti-corrosion property. Mucin adsorptonthe surface of the magnesium samples

surface increased it corrosion resistance whilddwevalue of the polarization resistance with
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0g/l mucin indicated that the untreated AZ31 M@wpkample would be eroded easily. The

nyquist plot is shown in Figure 22.
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Figure 22. Nyquist plots of untreated magnesium AZ31 samptesersed in Gamble solution in
different concentrations of mucin.

The values of the fitting circuit elements are swuamged in Table 8 respectively. The
results showed AZ31 Mg alloy sample immersed intsmh containing 0 g/l mucin had a
polarization resistance of 76.7&n7. The low value of the polarization resistance datkd that
the sample would be eroded easiliie polarization resistance value increased witheise in
mucin hence solution with 1 g/l mucin had a valéi&@7.5Qcn? hence changing the anti-
corrosion properties of the film thereby preventihg corrosive medium from penetrating into

the Mg alloy substrate. The EIS results are in gagreéement with the Potentiodynamic

polarization test.
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Table 8
Parameters of untreated AZ31 by fitting EISmodel carried out in Gamble with different

concentrations of mucin

Untreated AZ31 Rs(Qcnt) | Ry(Qcnf) | CPE(S*s™a)| R, (QcnY) | CPE(S*s™a)
Sample

0 g/l Mucin 37.65 76.73 | 35.35¢10° 23.50 4.99x10°

0.1g/l Mucin 39.08 94.16 | 31.8810° 29.04 4.74x10°

0.5g/l Mucin 43.97 270.6 | 20.9710° 72.38 2.67x10°

19/l Mucin 40.49 507.5 | 15.4710° 109.2 1.68x10°

EIS proved to be a useful technique, becauseet®fhsight into both the mechanism of
corrosion attack while at the same time analyziggrocesses taking place on a specimen’s
surface (Xin, et al., 2007). A small amplitude AGral is applied to the system being studied
during the EIS experiment making it a non-destigctnethod for the evaluation of a wide range
of materials, including coatings and anodized filfhsan also provide detailed information of
the systems under examination; parameters sucbrassion rates, dielectric properties,
compositional influences on the conductance ofispklectrochemical mechanisms, mass
transport, detection of localized corrosion, arattion kinetics can all be determined from these
data (Hamdy, EI-Shenawy, & El-Bitar, 2006; Macdah&005).

4.2.4 Linear polarization resistance (LPR)Linear polarization tests were conducted on
a 24 hour period using sequence wizard softwaessess the rate of localized corrosion of the
surface of the AZ31 alloys. Figure 23 shows lingalarization curves of AZ31 sample

immersed in Gamble solution for a period rangimgfrl hour to 24 hours. After 1 hour period
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of immersion, the sample’s OCP was about -1.62\lendfter 24 hours, the OCP was -1.32V.
The linear polarization instrumentation using Gamchem Analyst software was used to

convert the current measured to corrosion rateimgadn mils per year (mpy).

Polarization Resistance

- POLRES_1 hr.
-8 POLRES_S hr
/ - POLRES_10 hr
- POLRES_15 hr
-9 POLRES_20 hr
- POLRES_24 hr

-1.300V

-1.400 V

VT (V vs. Ref.)

1500 V /
1.600 V

1.700 V
-2.000 A -1.000 pA 0.000 A 1.000 pA
Im [A)

Figure 23. Linear polarization curves of sample immersed imBle solution containing 2.6 g/l
HCO;s, 0g/l mucin for 24 hours.

The OCP of the samples increase as the immersmaniticreasing, thus the high
potential and low corrosion current results lowrosion rate of 7.86xIdmpy on the sample as
illustrated in Table 9. After 1 hour of immersidhe polarization curve had a low OCP with high
corrosion current which is directly proportionalthee corrosion rate, hence high corrosion rate of
1.079 mpy. The increase in OCP with time causiegctbrrosion rate to decrease was probably

due to film formation or passivation on the surfatéhe immersed sample.



Table 9

Linear polarization data measurement by Gamry Echem Analyst software of untreated AZ31

alloy immersed in Gambl e solution containing 2.6 g/l HCOs', Og/l mucin for 24 hours.

59

Immersion Time

Corrosion Rate (mpy)

1 hour 1.079

5 hour 126.4x10
10 hours 20.82x10
15 hours 10.93x19
20 hours 8.63x10
24 hours 7.86x10

Linear Polarization Resistance measured the D@outhrough the metal interface when

the electrodes are polarized by a small electgo&ntial. LPR test is a non-destructive

electrochemical technique in which the potentigh ohetal is scanned over a small range relative

to the open circuit potential and the resultingeat is measured. This current is related to the

corrosion current which in turn is directly proportal to the corrosion rate. The major

advantage to LPR monitoring is the speed in wHhickam provide an instantaneous measurement

of the corrosion rate (Argade, Panigrahi, & Mistt@12). Changes in the corrosion rate can

typically be detected in minutes, providing an adinastantaneous measuring system. This fast

response allows an operator to evaluate procesgeband is particularly useful in monitoring

the effectiveness of a prevention program. It daa provide a qualitative pitting tendency

measurement, such as whether the tendencpitfiolg will be shallow and infrequent, or

deep and abundant.
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4.2.5 Potentiodynamic polarization Representative potentiodynamic polarization
curves for untreated AZ31B samples immersed in Gawsdidution with different concentrations
of mucin are displayed in Figure 24. The corrogotential g, and corrosion current density
icorr Were calculated from the intersection of the cdihhand anodic Tafel curves extrapolated
cathodic and anodic polarization curves. Whgh iacreases ang.: decreased, the corrosion
resistance of the samples would be improved.dbigously that the corrosion potentials
increased with the increase of mucin from 0 gA @/l in the solution having corrosion

potentials of -1.78 V, -1.76 V, 1.72 V and -1.64e&épectively.
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Figure 24. Potentiodynamic polarization curves of untreategmesium AZ31 samples
immersed in Gamble solution with different concatians of mucin.
Fitting results if electrochemical parameters,eensn Table 10, prove that polarization
resistance increases and corrosion current defgityreduces remarkably with the increase in

the mucin concentration. The untreated AZ31 sanmpheersed in Gamble solution containing O
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g/l mucin had a corrosion current density of 8.35kmA/cn’ while the sample immersed in
gamble solution containing 1g/l mucin had a comnsiurrent density of 3.62L0% mA/cnt. It
implied that mucin played a good protection by etifeely decreasing the corrosion rate of
magnesium by acting as a barrier shield.

Table 10

Parameters of untreated magnesium AZ31 samples immersed in Gamble solution with different

concentrations of mucin

Untreated AZ31 Sample & (V) | corr (MA/CT) Corrosion rate (mpy)
0 g/l Mucin -1.78 8.35x10" 752.14
0.1 g/l Mucin -1.76 4.90x10" 441.38
0.5 g/l Mucin -1.72 1.71x10*° 154.03
1 g/l Mucin -1.64 3.07x10° 27.65

4.3 Plasma Electrolytic Oxidation and PLGA CoatingResults

Figure 25 shows the result of potentiodynamic poédion for corrosion assessment.
After the potentiodynamic polarization tests, ceion craters could be observed evidently by
naked eyes on the surface of magnesium alloy ftbstyut there were no distinct changes on
the surface of coated samples. Although the inere&the E,r was not significant, thed, was
three orders of magnitude lower than that of thieaated sample. Thegy is an important
parameter to evaluate the corrosion resistant ptiepeof materials. The lower thg, the better
corrosion resistance they perform. PEO treatmeptored the corrosion resistance while the

multi-layer coating of both anodized and PLGA cogteffectively improved the corrosion
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resistance by sealing the micro-cracks and micregon the outer surface oxide layer

effectively and controlling the release of the magjam ions (Y. M. Wang et al., 2009).
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Figure 25. Potentiodynamic polarization curves of AZ31 allayGamble solution.

From the measured results, the corrosion voltage-&@8 V in the untreated Mg alloy, -
1.77 V in the anodized sample and -1.64 V in thed&@ed+PLGA coated sample. Although
corrosion potential of untreated and anodized sasy@mained at the same level, they have
different polarization behavior, especially in aimooranch which shows the pitting corrosion
behavior. The corrosion current density of the estied, anodized and PLGA coated samples
were 8.3%10" mA/cn?, 3.72x10°mA/cn? and 2.1%10°mA/cny respectively as illustrated in
Table 11. Therefore, the DC polarization curve lteshows that the corrosion resistance of

AZ31B magnesium alloy was greatly improved by PE&@timent and PLGA coating.
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Table 11
Parameters of untreated, anodized AZ31 and anodized+ PLGA AZ31 by fitting DC polarization

curve obtained in Gambl e solution

AZ31 Alloy Sample Borr (V) lcorr (MA/CNT) Corrosion rate (mpy)
Untreated -1.78 8.35x10" 752.14
Anodized -1.77 3.72x10° 33.51
Anodized + PLGA -1.64 2.15x10° 0.194

Representative EIS of untreated, anodized and aeddPLGA AZ31 alloy samples
exposed to Gamble solution at’7are shown in Figure 26. It is evident that thpeaance
modulus of the untreated sample was far less tiatrof anodized sample while the
anodized+PLGA coated sample a larger impedence lmethich confirms that PLGA coating
improves the corrosion resistance of the samplerbyiding sealing of the micropores of the

anodized sample.

—— AZ31Untreated
—— AZ31-Anodized
—— AZ31-Anodized+PLGA
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Figure 26. Nyquist plots of untreated anodized AZ31 and aredhizPLGA coated AZ31 in

Gamble solution at 3T.
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The values of the fitting circuit elements are swuamged in Table 9. By combination
Figure 26 and Table 12, it can be clearly seenthi@t is a good correlation between the
experimental curves and data which are calculated quivalent circuit. The multi-layer
coating of anodization and PLGA combined provetawee a better corrosion resistance than the
anodized layer by having the coating resistang ¢R9388.600cnt* and 6287.1@cn?

respectively.

Table 12
Parameters of untreated anodized and anodized + PLGA AZ31 samples obtained from EIS

modd carried out in Gambl e solution

AZ31 Alloy Coating| R(Qcnt) | Ry(Qcn?) | CPE(S*s?a) | R(Qcnt) | CPE (S*sa)

Untreated 19.91 3925.00 9.16x10°

Anodized 28.02 6287.100 1.30x10° |6.32%10°| 425.8<10°

Anodized + PLGA | 14.0x10% | 9388.60 | 476.2x10° | 1.57%10°| 1.095x10°

The surface morphology of the anodized samplesinvastigated by SEM which
confirmed the presence of thick oxide layer ondley as shown in Figure 27. It is rather
obvious that there exist many micropores on th&asarof the coating, which is the typical
feature of an anodized coated surface, and theofperes is affected by the electrolyte types.
The micro-cracks in the coating were induced bgdatischarge sparks caused by the vibration
due to the escape and evaporation of gaseous psodine micro-pores and micro-cracks were
randomly distributed in the coating surfaces whigre formed by the oxygen bubbles in the
coating growth process and the thermal stressalthestrapid solidification of the molten oxide

in the relatively cooling electrolyte. These polessd to poor corrosion resistance of the anodized
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coating when exposed in corrosive environments (@ao, Lu, Liu, & Xu). Consequently,
PLGA coating used to seal the micro-pores of thteroaxide layer of the anodized surface
makes it have a compact and defect-free layer wittistinct cavities and crevices. The PLGA
film formed on the surface of the anodized samplelze able to prevent the outer layer of the

anodized coating from being exposed directly taaive ions as an effective protective barrier.

] [] 1 1 [] [ [] [ [] [] [] []
100um NCAT 3.0kV 9.4mm x5.00k & 10.0um

Figure 27. Surface morphologies of AZ31B anodized surface.

During the plasma electrolytic oxidation procebs, applied voltages ranged from 100V-
500V. The effect of applied voltage on coating osion resistance was various with its
thickness and porosity (Zhanga, Shan, Chen, & B@08). When the applied voltage was
increased, the anodic reaction becomes more in@rsenore magnesium alloys are oxidized
into various oxidations, which will make the thigss increase. When the applied voltage was
low, there was no marked sparking discharge ossuiniace of the substrate forming smooth
anodic coating with a thin transparent passive.fiMnen the applied voltage was more than 200
V, the anodic coating was thicker and the pore isizarger with several cracks appear on the
surface of the anodic coating. Thus the porositgrafdic coating increases with increasing

applied voltage.
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The effect of frequency was also found to affeet¢bating morphologies which is
defined as the pulse number per second. The freguesed in this present work was between
50Hz — 100Hz using the square waveform. Howeveavag noted that with a higher the
frequency, the shorter the time of one cycle. Tow#iaually anodizing time in one cycle
decreased with the increase of frequency, whichltees a good restoration of anodic coatings
by electrolyte and a decrease of gas evolutionri@lea al., 2011). The porosity decreases and
the corrosion resistance of anodic coatings wetieemto improve with the increase of
frequency.

The poor corrosion resistance of magnesium arallags makes it desirable to alter its
surface properties in order to improve its corrngiesistance. Various surface treatments such as
electrochemical plating, conversion coating anddaaiion have been used to increase the
corrosion resistance. PEO is one of the electroatesurface treatment methods, which form
the oxide layer on magnesium alloys in plasma gfaterated by applying extremely high
voltage in a suitable electrolyte (Hwang, Kim, &igH009). Verdier et. al reported that the cell
voltage of PEO process was important factor inpttoeess parameter, especially influencing
growth rate of oxide layer (Verdier, van der LaBkJalande, Metson, & Dalard, 2004). The
structure of the oxide layer fabricated by PEO psscdepends on various processing conditions,
including chemical composition and concentratiorlettrolyte which exerts a considerable

influence on the property and formation of effeetoxide layer for magnesium alloy.

4.4 Cell Adhesion Assay Results
In this experiment, biocompatibility of the magnesialloy was assessed using porcine
tracheal epithelial (PTE) cells to determine thik responses, in terms of cell morphology and

cell adhesion on the surfaces of the samples B&d&ours of incubation time. Upon completion
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of the adhesion assay, a phase contrast image gldls substrate used as a control was taken
using an Advanced Microscopy Group EVOS-xI digitederted microscope to ensure the cells
were still viable after the experiment as showhigure 28. The cells adhered to the glass
substrate and were observed to be round and heatthghology. During the initial viewing of

the samples still using the optical light microsgogn interesting finding was observed when the
cells were noticed to attach on the edges on thdiaed and PLGA coated samples. However,

few cells were noticed to attach on the untreasedpdes and paclitaxel coated samples.

Figure 28. Optical light microscopy image showing control Pddlls attached on a glass
substrate.

Figure 29 shows SEM images of cells attached tatin@ces of magnesium alloy taken
after performing ion beam coating. Figure 29 (avehcells attached on the untreated AZ31
alloy, but did not attach well since there wereaare@here no cells were found on the surface.
The results also demonstrated the importance fdcitreatment for initial cell adhesion and for
cell survival on the magnesium surfaces. Probalslyaater incubation time would have ensured
more cells adhering on the surface and a long-ta&livsurvival on the surface. The anodized

surfaces however were proved to be non-toxic aoddonpatible to the PTE cells because of
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their three-dimensional surface as shown in Fi@Q9réb). The reactivity of the magnesium was
reduced by the coating which must have also healpéte adhesion of the cells. The rounded
dark spots on the surface were the cells whilenthige areas were the anodized layer. The result
indicated a healthy morphology of cells and goddrerction between cells and anodized

magnesium alloys surfaces.

Figure 29. SEM images of PTE cells adhered on the surfaces thi cell adhesion assay for 12
hours. (a) untreated AZ31, (b) Anodized coated A48l Untreated AZ31 coated with 2wt%
PLGA and (d) untreated AZ31 coated with 2wt% PLG#WL0% paclitaxel drug.

The SEM image in Figure 29 (c) shows untreated AZI&ly coated with 2% wt PLGA

which had a good interaction with the cells. Thiisscgeemed to be spreading along the surface
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with the morphologies being round shaped and atthclosely together showing a healthy
morphology attaching on the polymer. The fact 8mhe of the cells have a spherical shape
suggests that the cells are starting to detach thensurface. Figure 29 (d) shows sample coated
with 2%wt PLGA+10%wt paclitaxel drug. As mentiorrlea, paclitaxel is an anti-cancer
chemotherapy drug which exhibits a significant aigtiggainst a variety of solid tumors,

including breast cancer and lung cancer. Theraf@aclitaxel-loaded PLGA coated sample
released the drug to the cells during polymer aeak. Hence because of drug, it was hard to
find cells attached on the surface while the onesd had a deformed shape possibly caused by
the drug.

Paclitaxel has been shown to exhibit a significativdy against a variety of solid
tumors, including breast cancer, lung cancer, lagadneck carcinomas (Fonseca, Simoes, &
Gaspar, 2002; Spencer & Faulds, 1994; Thigpen, R0@®ascular stent materials, loading drug
in the coating on the stent can limit the earlpthbogenicity. Drugs in the stent coating can be
released by diffusion mechanisms or during polybreakdown. So, a properly designed drug
release coating on the stent has negligible risysfemic toxicity (X. Wang et al., 2008).

Invitro cell culture tests can be used to screen potdritiabsorbable Mg alloys for their
effects on the cells and tissue in particular pblggjical environments, such as bones or blood
vessels. Cell adhesion has been particular intbegstuse it plays important roles in the
regulation of cell behavior in wound healing ars$tie regeneration, such as the regulation of
growth, differentiation, migration and survival adlls. Cell adhesion is the integrated process of
multiple complex events, such as specific bindihgnembrane proteins with extracellular

matrix (ECM) and the signal transduction. Thesenevare strictly controlled by complicated
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mechanisms and are highly interconnected and iepemdent driven by ligand receptor
interactions, especially integrin bindings (Arngdabodman, & Xiong, 2007).

A large range of factors including hydrogen gad@wan, pH increase due to Mg
dissolution in the cell culture medium, as weltlas chemical and physical properties of the
native or corroded magnesium surface may all hawgributed to a decrease in cell adhesion
and growth on the Mg substrate in comparison tegylRissecting those factors is possible but

requires extensive experiments that go beyonddbpesof this study.
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CHAPTER 5
Conclusions and Future Work

This work reviews the biological performance of AZ®agnesium alloys (biodegradable
materials for temporary implant) in simulated aipveairface fluid at 3%C. The corrosion
behavior was studied by the analysis of corrosegsistance variation with immersion time, using
electrochemical impedance spectroscopy (EIS), openit potential (OCP), polarization
resistance and corrosion current density usingnpioidynamic polarization technique. The
results and morphological characterization of tnmagles were confirmed by x-ray computed
tomography (Micro-CT), scanning electron microsc@pgM). Chemical composition of the
surface corrosion products was determined withteladispersive x-ray spectroscopy (EDX)
and X-ray diffraction (XRD).

The aim is to explore possible routes to impromgting factors such as the corrosion
resistance and improve integration of the implait wssue, and ultimately highlights the need
for further research. It is aimed to find the bmsignesium alloy with low cost and low corrosion
rate as implant in human body. Furthermore, thsilidéy to slow down the biodegradation of
magnesium alloys to solve the rapidly corroding neggum implant problems was demonstrated
by studying the effect of adding porcine stomacltimto Gamble solution on the corrosion
behavior of AZ31 alloy.

Biocompatibility of the magnesium alloy was assdsssng porcine tracheal epithelial
(PTE) cells to determine the cell responses, ims$eof cell morphology and cell adhesion on the
surfaces of the samples. A good cell interactioin Wie material’'s surface demonstrates that the

magnesium implants material will posses’ accepthldeompatibility and that the magnesium
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ions produced from implant dissolution is not expddo lead to toxic reactions, as the
concentration of magnesium in the body is contdoblg homeostatic mechanisms.
The main aspects worth to emphasize are summaaiéallows:

1) The immersion test demonstrated that thick corroproduct layer was formed on the
magnesium alloy surface with the addition of cadienons which also induced fast
passivation on the surface. The addition of p@&sitomach mucin into the physiological
media inhibited the corrosion rate of the sampiessllucing the thickness of the
corrosion products on the surface. When carbooatewas absent in the physiological
media, calcium phosphate (hydroxyapatite) was farorethe surface with more calcium
element at the top of the corrosion products thaton layer of corrosion products while
the mucin inhibited the deposition of hydroxyapath the surface.

2) From the various electrochemical tests, all restdtsfirmed that the increase in
carbonate ions in the test solution caused fasigatation of magnesium hydroxide in
the corrosion product layer that can subsequenpypiess development of pitting
corrosion completely. Mucin was observed to inoegge corrosion resistance of the
samples by attaching on the sample surface hermceateng the corrosion current
densities.

3) pH measurements both for immersion and electroatedrtests showed a substantial
increase in the pH when carbonate ions was addiw itest solution while absence of
carbonate caused the pH to decrease due to thatfomof calcium phosphate which
induced the hydrogen ions causing pH drop. Thetiaddof mucin in the test solution
attenuated magnesium induced increase in pH thetelyng the corrosion rate of the

magnesium samples.
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4) PEO treatment led to a substantial improvement@tbrrosion resistance consisting of
a compact and porous layer in order to delay thialirorrosion rate of magnesium.
Consequently, a multi-layer coating of PLGA coatingher slowed down the initial
corrosion rate by sealing all the micro-pores amagtks on the outer oxide layer
effectively.

5) The cell adhesion assay results indicated healtimphology of cells and good
interaction between cells and AZ31 magnesium all@yherefore, the presemtvitro cell
assay indicates that AZ31 magnesium alloy has gaantial to be used as
implants/stents in biomedical applications.

The promising future of magnesium and its alloydapendent on being able to control the rate
of corrosion in body fluids. The encouragimgvitro results obtained in this work provides a
scientific foundation which helps understand wisatappeningn vivo which was analyzed

using simulated airway surface liquid. The presasfadbe physiological mucin concentration in
the airway could be beneficial in terms of contr@lthe corrosion rate of the biodegradable
magnesium alloy airway stent. With a novel way artcolling the concentration of mucin in the
airway, the corrosion rate of a magnesium alloylanpin the airway could potentially be
controlled for a specific period of time therebyfifling its mission and step away by degrading
after tissue healing. The results therefore reptetbe basis for future research in evaluating

magnesium as a bioresobable airway stent.
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